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FOREWORD 


Volume V, Systems Engineering/ Integration , Research and Technology , of 
che SPS Concept Definition Study final report is submitted by Rockwell 
International through the /Space ' Operations and Satellite Systems Division. 

All work was completed in response to NASA/MSFC Contract MAS8-32475, 

Exhibit D. 

The SPS final report provides the NASA with additional information on the 
selection of a viable SPS concept, and furnishes a basis for subsequent tech- 
nology advancement and verification activities. Other volumes of the final 
report are listed below. 

Volume 

I Executive Summary 

II Systems/Subsystems Analyses 

III Transportation Analyses 

IV Operations Analyses 

VI Cost and Programmatics 

VII Systems/ Subsystems Requirements Data Book 

The SPS Program Manager, G. M. Hanley, may be contacted on any technical 
or management aspects of this report. He can be reached at (213)594-3911, 

Seal Beach, California. 

The mailing address of the Space Operations and Satellite Systems 
Division of Rockwell International is 12214 Lakewood Boulevard, Downey, 
California 90241. 
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1.0 INTRODUCTION AND OBJECTIVES 


1.1 INTRODUCTION 

Studies of the Satellite Power System (SPS) concept have attested to the 
technical feasibility of solar power stations located in space and to their 
potentially economic advantages as compared with candidate earth-based energy 
systems in the calendar period, 2000-2030. Although overall success of SPS 
development is possible over a range of performance and design levels, it is 
necessary to define attainable performance parameters for the development of 
SPS specifications and design requirements through a confirmation of technol- 
ogy advancement requirements. 

In order to continue with various SPS concept definition studies, knowl- 
edgeable extrapolations of the current state of technology, the degrees of 
improvement in technical performance, and the expected reductions in cost all 
require further analysis to identify the degree of technical risk. On this 
basis, planned experiments and exploratory technology development activities 
would reduce this uncertainty and improve tVie levels of confidence for system 
design. 

This volume defines just such a series of requirements. This section of 
the report presents guidelines and ground rules followed in the development of 
requirements for the SPS. Development planning objectives are specified in 
each of these areas and evolutionary SPS program scenarios are described for 
the various concepts studied during this past one-year contract. 

Program descriptions are presented as planning packages of technical tasks, 
schedule phasing, and associated cost estimates. Each package identifies the 
ground-based technology effort that will facilitate SPS definitions, designs, 
development, and operations. 


1.2 SCOPE OF EFFORT 


Earlier Rockwell studies associated with technology advancement also 
focused on development activities.^ During the current contract period, this 
series of guidelines and ground rules was updated and maintained for the uni- 
form development of SPS programmatic results. These guidelines /ground rules 
are as follows: 

• SPS initial operational capability is in the year 2000 

• A program buildup over 30 years to provide a total of 300 GW 
at the utility interface by the year 2030 


'^Satellite Power Systems (SPS) Concept Definition Study — Experimental Verifica- 
tion Definition, Rockwell International Corp., SSD 79-0010-3 (March 1979). 
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• Key dates of program planning: 

1981-1986 Research and Technology 
1981-1987 Key Technology Program Activities 
1990 Decision Point for SPS Commercialization 

2000 IOC of first SPS 

• Satellite construction and assembly to occur at geosynchronous 
orbit 

• Overall SPS lifetime will he 30 years with maintenance 

• Activities done to definitely allow a go or no-go 
decision to the next phase 

• Rely on other technology activities and support programs as 
much as possible to maximize required knowledge 

• Consider all viable system and subsystem alternatives to 
increase success in solving key proi>lems 

• Costs to be in 1979 dollars 

• A funding plan shall be developed for all technology efforts 
1.2.1 TECHNOLOGY PLANNING 

In 1978, the Rockwell SPS team conducted a review of DOE, NASA, and con- 
tracted studies to update key areas of technology planning. This review and 
subsequent internal Rockwell analyses resulted in a number of issues covering 
the spectrum of SPS activities. These items were consolidated into a complete 
list that became an initial data base (Figure 1.2-1) from which to align the 
most critical issues and technical requirements. 
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The program philosophy for resolution of these issues was to categorize 
each item into three categories covering the activities of analysis, ground 
demonstration, and space verification. Since it is known that each succeeding 
step becomes more costly, the approach was to obtain the maximum benefit at 
lower steps. 

Each issue was then studied independently, and an effort devoted toward 
the definition of a top-level sequence of events that would lead to the resolu- 
tion of that issue. Later, these issues were integrated into a composite veri- 
fication program by category. As some of the issues can essentially be resolved 
with analyses, they will not require ground or space verification. For example, 
issues of capital investments can be resolved by analyses. Certainly ground and 
space verification of components, subsystems, and systems will contribute indi- 
rectly by increasing confidence in the SPS program and thereby help to secure 
the necessary capital for financing materials, equipment, etc. However, direct 
contribution to resolving the Issues will be accomplished through analyses. 

Other issues can be resolved by a combination of analyses and ground demon- 
stration; for example, the issue of solar cell cost can be resolved without going 
to space. On the other hand, there are some issues which cannot be satisfactorily 
resolved without utilizing space verification. Relatively little is known about 
orbital assembly requirements, techniques, equipment, etc., that will be needed 
for orbital assembly of the large spacecraft. There are several questions that 
cannot be satisfactorily resolved by analyses and ground demonstration due to 
the unique environment (zero gravity, low vacuum, thermal cycling, etc.) of 
space . 

Activities associated with technology advancement include the ground-based 
exploratory development period and the resolution of remaining technology issues 
requiring space flight experimentation and testing. On this basis, a series of 
objectives were established for the SPS development planning activity, as shown 
in Table 1.2-1. 

Table 1.2-1. SPS Research and Technology Planning Objectives 

/ Structure a synthesized SPS development plan that 

• Acknowledges key technology issues and areas of concern as 
structured within elements of SPS system definition. 

• Emphasizes ground-based research and technology. 

• Illustrates operational sequences leading to successful SPS IOC 
— ground, orbital — mass transfer. 

• Recognizes DOE/NASA environmental studies, SPS evolutionary 
development, and NASA fiscal planning. 

/ Evaluate development plan requirements to: 

• Minimize front-end costs 

• Maximize ground-based testing 

• Utilize Shuttle and Space Base capabilities to maximum 

• Reflect reasonable lead times 

• Establish optimum program planning for precursor verification and 

SPS confirmation. 
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1.2.2 TECHNOLOGY ANALYSES 


The next step was to combine key issues and system elements in a tree-like 
structure of technology considerations and areas requiring further definition 
and exploration. Rockwell SPS requirements, current NASA documentation, and 
other supporting information were reviewed to update technology needs and to 
identify the levels of criticality on various subsystems. As a result of these 
analyses, the series of ’’trees" reaffirmed options and potential alternatives 
for technology advancements pertinent to a particular field. Figure 1.2-2 pre- 
sents some of the structures that have served as a guide, or road map, to the 
period of technology investigation. Tasks were then identified in these areas 
for the development and advancement of promising SPS technology. This was done 
in an iterative manner and documentation contained in subsequent sections 
explains these investigatory procedures and technology requirements. 


• SOLAR ENERGV CONVERSION 

■ELECTRIC POWER PR0CESSIN6 
OISTRIRUTION S HANAGEMEHT 

• POWER TRANSMISSION AND 
RECEPTION 

•structures/controls AMD 
MATERIALS 

• SPACE OPERATIONS 

• SPACE TRANSPORTATION 







Figure 1.2-2. Subsystem Technology Options 


In order to attain indicated objectives, the technology and development 
planning effort identified requirements of SPS systems and subsystems that were 
grouped into the following areas: 

• SPS System Definition Studies 

• Solar Energy Conversion 

• Electric Power Processing, Distribution, and Management 

• Power Transmission and Reception 

• Structures/Controls and Materials 

• Space Operations 

• Space Transportation 


SPS System Definition Studies 

The primary objective of this effort is to maintain a record oi SPS tech- 
nology requirements on the current Rockwell reference conf igurat i.on . It will 
serve in the evaluation and comparison of alternative systems a- J be available 
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for use by others in completing their SPS tasks (i.e., environmental, compara- 
tive, and societal assessments). This work will be compatible with the overall 
SPS Research and Development (R&D) plan, where the essential function is to 
translate technology improvements and/or test and analysis results into system/ 
program-level technology considerations with defined cost, performance sched- 
ule, and resource requirements. Both SPS ground and space flight efforts will 
be acknowledged. 

Solar Energy Conversion 

The objective of work in this area is to define and develop component and 
subsystem technologies for an advanced photovoltaic conversion subsystem, solar 
cells, solar array blankets, and concentrators, along with a definition of 
associated ground and space flight tests for technology verification leading 
to production. Cost, schedule, and resource requirements will also be defined. 

Electric Power Processing, Distribution, and Management 

Technology requirements and analyses will be established for electric 
power distribution and conditioning systems including processors, switch gears, 
rotary joint, power conductors, and energy storage systems. Ground tests and 
space environmental effects programs will be identified. Cost, schedule, and 
resource requirements for these systems and test/verification programs will be 
described along with breadboard/engineering models for integrated performance 
evaluation . 

Power Transmission and Reception 

The objective of this project is to identify critical early analyses and 
exploratory technology relating to microwave energy transmission/reception. 
Issues will address critical component definitions relative to microwave power 
amplification and transmission, phase control system, and ground power recti- 
fication, emphasizing initial definitions of microwave ground test range 
requirements and characteristics. Computer simulation modeling, experimental 
lab development, and engineering model evaluations will be outlined as they 
lead to space tests/verification. 

S t rue t ures/Controls and Materials 


The objective of this project area is to determine the feasibility and 
technology requirements of structural dynamics and flight control system con- 
cepts for SPS and to characterize materials suitable for SPS applications. 
This activity will include the development of math models for simulation of 
the dynamics and active control system. These models will be integrated into 
a ground test program that should be conducted to verify simulation tests. 
These ground tests will provide basic information to Che analyses and defini- 
tion of system requirements and the verification of flight control system 
performances . 

Candidate materials and applications will be studied, tested, and evalu- 
ated to characterize the material and processes proposed for SPS structures, 
subsystems, and components. 
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Space Operations 


The overall objective of projects in this category is to demonstrate feas- 
ibility of high productivity in space construction through test, analysis, and 
evaluation of critical construction equipment concepts and techniques. This 
effort covers three areas — operations and support functions, structure fabri- 
cation and assembly, and system installation. 

Space Transportation 

Technology issues will be identified and investigated to establish the 
technical and economic feasibility of transportation concepts being considered 
for the SPS. The approach will include a broad-based investigation of rocket 
and airbreathing propulsion, thermostructure, cryogenic insulation, electric 
propulsion, ballistic booster recovery, analytical tool development, and oper- 
ational techniques — such that a mature, compatible data base will exist at the 
time of heavy-lift launch vehicle (HLLV) concept selection. 
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2.0 TECHNOLOGY DEVELOPMENT PLANNING 

2 . 1 INTRODUCTION 


SPS technical and programmatic studies have identified a need to reduce 
technological uncertainties in the various subsystem areas that would lead to 
a cost-effective program with reduced risk. A dedicated effort of research and 
development (R&D) during the next six years offers potentially significant 
advantage to the resolution of issues, the development of a preferred SPS sys- 
tem concept, and the lowering of front-end costs. 

Based on current subsystem technology analyses, the results of recently 
completed NASA technology workshops, and the conclusions of earlier development 
planning approaches, two major technology development scenarios were prepared 
to reflect the sequence of activities applicable to SPS concepts studied under 
Exhibit D. Activities associated with these scenarios emphasized technology 
advancement and engineering verification plus proof of concept. 

Phases of the technology advancement and SPS precursor development plan 
includes a series of steps intended to validate research and development assess- 
ments and confirm SPS design/performance expectations. These phases are the 
underlying theme of the R&D scenario: 

• Research and Technology 

• Shuttle and Space Operations Center Utilization 

• Hexagonal Frame Structure as Demonstration Article 

• SPS Pilot Plant 

• LEO/GEO Test Verification 

• Ground Systems Support 

SPS precursor designs for the required period will incorporate (1) the 
results of an agressive program for the selection of preferred concepts and 
subsystem definitions; (2) space test sequences to validate satellite and 
ground system performances; (3) simulations representative of those expected 
in a full-up end-to-end demonstration; and (4) prototypical examples of ground- 
based requirements, mass flows to orbit, and space construction operations. 

R&D/verif ication planning and analysis were, therefore, directed toward 
the integration of these evolutionary phases and their consistency with stated 
obj ectives . 


2.2 RESEARCH AND DEVELOPMENT 

Elements of the R&D phase extending through 1986 were studied and docu- 
mented for each of the principal areas of technology advancement. Early 
analyses and experimental/research tasks are essential ingredients of the 
requisite proof of feasibility for critical issue technology elements of the 
SPS system. Establishment of firm designs, performance levels, development 
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requirements, cost and efficiency trades, and system environmental accepta- 
bility all depend on early verification of the achievable characteristics of 
many critical subsystem components. 

R&D research and technology tasks applicable to SPS baseline configura- 
tions have been prepared Co update prior technology assessments incorporating 
information from DOE/NASA workshops. (A detailed explanation and Cask descrip- 
tion, along with schedule and funding projections, are presented in subsequent 
sections.) The following paragraphs summarize proposed SPS supporting research 
and technology with an emphasis on R&D activities of the period through 1986. 

2.2 RESEARCH AND DEVELOPMENT 

2.2.1 SYSTEM DEFINITION 

The objectives of systems definition and planning are to provide for the 
integration of subsystems and systems into a preferred SPS concept, and to 
assess candidate alternative concepts responsive to the results of environmental, 
societal, and comparative assessment impacts on system design. This includes 
the consideration of economic viability and the benefits of other emerging 
technologies to the SPS concept. It encompasses development plans for the 
orderly transition of research and development plans for the orderly transi- 
tion of research and development to SPS commercialization. 

The essent-ial function to be performed in the near term is to translate 
technology improvements and/or test and analysis results into system/program- 
level technology considerations with defined cost, performance schedule, and 
resource requirements of both ground and space flight programs. 

Tasks associated with this area are; 

• System Integration 

• Alternate Concept Assessment 

• Technology Impacts on System Design 

• Environmental, Societal, and Comparative Assessment Impacts on 

System Design 

• System Analysis and Planning 

Tliree additional tasks, discussed essentially in the Space Transportation 
section are; 

• Advanced Engine Concepts 

• Electric Orbital Transfer Vehicle Definition 

• Personnel Orbital Trans fer Vehicle Definition 

2.2.2 SOLAR ENERGY CONVERSION IN SPACE 

The objective of this program is to identify, research, and develop the 
component and subsystem technologies for an advanced solar energy conversion 
subsystem to support future SPS design and tradeoff studies. A GaAs photovol- 
taic subsystem has the potential of low weight, high efficiency, higher 
resistance to ionized radiation levels, and the ability to operate with con- 
centrators under high temperature with a minimum loss in performance. 
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The attainment of a set of certain design parameters for the conversion 
system is critical to assuring SPS cost viability, and the proof of feasibility 
of attaining these design parameters is necessary. 

It is recommended that investigations be continued of advanced concepts 
that offer potential of significant advances in performance, mass , and/or cost 
of the photovoltaic energy conversion system over the "reference” concepts and 
designs. New system studies should be conducted to re-evaluate concentration 
ratio and evaluate new developments to provide an even more optimistic per- 
spective for SPS for additional technological "breathing room" for the concept. 

A task summary follows: 

• Basic Solar Cell Research and Development 

• GaAs Solar Cell Qualification Program 

• Solar Array Demonstration Program 

• Accelerated 30-Year-Lifetime Testing 

• Manufacturing Processes Analyses and Cost Evaluation 

• Mult i-Bandgap Thin-Film Solar Cell Research and Development 

• Alternate Advanced Concept Evaluation 

2.2.3 ELECTRIC POWER PROCESSING, DISTRIBUTION, AND MANAGEMENT IN SPACE 

The primary objective of this early research is to establish technical 
feasibility and economic practicability for high-voltage space operations of 
the SPS satellite. Technical feasibility will depend on the technology readi- 
ness of techniques, components, and equipment to reliably distribute, process, 
and Interrupt hundreds of megawatts of power at tens of thousands of kilovolts. 
Minimum-weight power processors and power conductors are required. The com- 
bined requirements of dissipating concentrated heat and preventing breakdown 
or arc-overs are much more severe in space than in similar high-power and high- 
voltage ground applications. The SPS spaceborne power distribution and process- 
ing concepts depend upon successful realization of high-power kilovolt ultra- 
fast protection switches. 

Consideration should be given to the spaceborne PDC requirements of 
alternatives to high-voltage transmission tubes, such as solid-state dc-RF 
converters . 

Tasks associated with this area follow: 

• Requirements Definition Study 

• Laboratory Experimentation and Feasibility Test Models 

• Spaceborne Power Devices R&D 

• Spaceborne Power Transmission RLD 

• Rings and Brushes Materials R&D 

• Study of Plasma Effects and Laboratory Tests 

• Molten Salt Electrolyte Battery Design 

• System Operations 
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2.2.4 MICROWAVE POWER TPvANSMISSION IN SPACE AND GROUND RECEPTION 


The objective of this effort is to conduct critical early analyses and 
exploratory technology relating to microwave energy transmission from space 
and ground reception key technical issue resolution and fundamental technical 
feasibility. The tasks in this plan address critical component definition 
issues relative to microwave power amplification and transmission, ground power 
rectification and initial definition of microwave ground test range require- 
ments and characteristics. Computer simulation modeling, experimental lab 
development, and engineering model evaluation will be performed. Specific 
task plans cover: 


• Ground test range definition 

• 50-kW klystron and 5- to lO-kW magnetron definition 

• RCR concept evaluation 

• MPTS antenna pattern calculation, alternate concept technique 

investigation, and power dipole optimization 

• GaAs diode concept evaluation 

• Power transistor preliminary definition 

• Phase control system 

• RF signal distribution system development 

• High-gain rectenna element development 

• High-gain pilot receiver antenna development 

• Pilot transmit system study and concept development 

• Study of alternate sensing techniques 

• Study of aperture distribution functions, beam steering, 

and associated problem areas 


2.2.5 STRUCTURES, CONTROLS, AND MATERIALS 


The objective of this experimental research is to develop technology 
associated with specific aspects of the structural subsystem of the in-orbit 
portion of a Satellite Power System (SPS). Optimum structural element shapes 
will be developed based on design, analysis, and test data. Advanced composite 
material systems will be selected for satellite structures, applications, and 
mechanical properties of those systems to be developed. (Mathematical simula- 
tions of SPS configurations utilizing test-determined stiffnesses, damping 
valves, etc., will be generated and subjected to simulated operational environ- 
ments to determine as-designed structural integrity including operational 
stress levels and satellite distortions.) Satellite structure construction 
scenarios will be generated, construction equipment defined and conceptually 
designed, and a plan generated for the ground and on-orbit technology develop- 
ment of this eqfiipment. (Attitude and figure control technology and ACS 
propulsion system research are also included in this effort.) A task summary 
f o 1 lows : 


SpacG-LocBted Structures and Materi 

• Construction selection and 

structural requirements 

• Composite materials R&D 

• Machine-made beam R&D • 

• Beam-to-beam joining 


i s 

Ultra-Large solar b lanket /ref lector 
arrays 

Solid-state sandwich RiiD 
Mathematical model development 
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Controls 


■ Ion thruster and power module 
laboratory testing 

• EOTV attitude and thrust vector 

control 

2.2.6 SPACE OPERATIONS 

The objective of this category is to acknowledge elements comprising space 
operations and to describe tasks associated with their completion during the 
period of 1981-1986. Developing the capability for construction and assembly 
of large low-density structures in space is an inherent requirement for the SPS 
program. The capability for installation of other subsystems (e.g., solar 
blankets, reflectors, power 'distribution lines and control equipment, microwave 
subarray hardware, etc.) on the structure must also be developed. Very little 
applicable data currently exist for this type of orbital and large-scale ter- 
restrial construction and assembly. Test data are needed to validate opera- 
tional requirements and cost estimates. Tasks will cover the areas of 
automated construction, operations and support, and hardware handling and 
installation . 

2.2.7 SPACE TRANSPORTATION 

The objective of this effort is to conduct critical early analyses and 
exploratory technology relating to the various transportation system elements, 
key technical issues resolution, and fundamental technical feasibility. The 
tasks in this plan address critical systems and subsystems issues relative to 
earth to low-earth orbit and orbit-to-orbit transfer vehicles for both cargo 
and personnel. The transportation elements considered in this plan include a 
Space Transportation System (STS) derived heavy-lift launch vehicle (HLLV) , 
dedicated SPS HLLV configuration, an electric orbital transfer vehicle (EOTV) 
for cargo transfer, and a personnel orbital transfer vehicle (POTV) for per- 
sonnel/priority cargo transfer from LEO to GEO and return. Systems and sub- 
systems studies, computer analyses and modeling, experimental laboratory 
development, and engineering model evaluation are to be performed. Main tasks 
include ; 

• Heavy-Lift Launch Vehicle Definition 

- Structural/ thermal protection systems 

- Propellant tank insulation systems 

- Liquid rocket engine component life improvement 

- LOX/LH2 attitude control systems 

- Self-monitoring/diagnostic systems 

2.2.8 AIRCRAFT FLIGHT TESTS 

It is also anticipated that in conjunction with or immediately following 
R&D, aircraft flight testing may be required to validate some of the techniques 
which were defined during the* ground-based research effort. Although the 
Shuttle would be available during this period, it may not necessarily be cost 
effective to perform the test from space. 


• Figure control techniques and systems 

• Control system development and 

hardware requirements 

• ACS electric propulsion R&D 
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As an example, aircraft tests appear warranted in the investigatory 
research of optimum frequencies, slant range effects, atmospheric limitations, 
processing techniques, and transmitter/receiver signal-to-noise accuracy 
relationships pertinent to the pilot receiver/transmitter used between the 
SPS and rectenna. These tests would be conducted prior to the definition of 
articles for space testing. In this manner, repeatability of phase relation- 
ships would be defined and the effect of any demonstrated non-repeatability on 
power transfer could be analytically determined. Full-blown testing, includ- 
ing power transfer, would be conducted during the proof— of-conrep f ritorL. 

2.J SFACE TRANSPORTATION SYSTEM (STS) 

Transportation elements of the program are key to the development and con- 
struction of an operational precursor satellite and the economic transfer of 
required materials and personnel to orbit in the pre- and post-1990 period. 

Several transportation system variations are being considered fur use dur- 
ing the late R&D period and during subsequent years of precursor development. 
They include (1) a normal version of the STS with solid rocket boosters and a 
Titan core modification, (2) a growth STS version that replaces the solid rocket 
boosters (SRB) with liquid rocket boosters and uses a personnel launch vehicle 
integral with the orbiter, and (3) a derivative STS-HLLV with a liquid rocket 
booster that would be used for cargo placed in a payload container with special 
engine module to replace the orbiter. Subsequent development of the SPS-HLLV 
would be used to deliver mass to orbit in the lace 1990's for the movement of 
greater mass-to-orbit requirements. 


2. A SPACE 0PER.YT10NS CENTER 

Many concepts of space construction and support are suggestive of the var- 
iety of space base configurations undergoing study as to concept and operation. 
These studies have ranged from the use of an STS orbiter" as the construction 
base to a more recent study of a space operations center (SOC).^ 

Results of the Space Construction System Analysis contract identified an 
evolutionary development plan of requisite technology, potential equipment design 
requirements , and support sys t em needs to construct a large space system using 
the Space Shut t le orb i t er — whereas, the SOC is projected as a permanentaly manned 
facility operating in low-earth orbit and used for operational support of space 
activities; construction and checkout of large space systems; unmanned and manned 
orbital transfer vehicle operations; and on-orbit assembly, launch, recovery, and 
servicing of space vehicles. Resupply is p lanned via Space Shut t le , and modules 
are to be transported to and from low-earth orbit (internal to the Space Shuttle!. 
If specific elements are not transportable by the Shuttle, they shall be con- 
structed on orbit as contemplated for the SPS precursor. For purposes of estab- 
lishing an evolutionary scenario applicable to the SPS precursor, it was assumed 
that the STS orbiter and its support facilities would be available in 1990. 

^Space Construction System Analysis (NAS9- 15718) , Rockwell International, 

SSD 80-00A1 (June 1980). 

'Requirements for a Space Operations Center, MASA-JSC-16244 (November 1979). 
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3.0 SPS DEVELOPMENT SCENARIO 


3.1 INTRODUCTION 

Fundamentally, a total system proof of concept entails component manufac- 
turing, launch to orbit, space construction , and system operation measurable 
to a performance specification. More specif icall.y , it must involve validation 
from orbit of key technology issues. Where deemed necessary, full-scale system 
elements are to be em.ployed. Funding for the demonstration must meet two basic 
requirements. First, the overall funding level shall be reasonably low, and 
achieve results commensurate with the desired goals. Second, funding commit- 
ments shall also be conservative during the early time frame of the GBED pro- 
grams, and still be compatible with the program schedule. 

Two planning scenarios are postulated to encompass a full spectrum of 
required sequences associated with the two families of SPS satellite concepts 
studied (Figure 3.1-1). The first is a planar concept and the other is a 
satellite with primary and secondary reflectors utilizing a sandwich solar 
cel. 1/solid — state electronics assembly at the antenna. The concepts defined 
during the study are summarized in Section 4.1. 

Each precursor satellite, individually directed at one of the "family” of 
configurations, was studied during this contract period and represents the 
basis of programmatic scenarios developed. Characteristics of the three-trough 
concepts vary as to the method of microwave power generation — klystron tube, 
magnetron tube, and solid-state electronics. The final precursor design is 
expected to be as prototypical of these concepts (or that of the ultimately 
preferred SPS design) as to validate necessary ground test simulations and 
projected space operational requirements. 


3.2 SPS PILOT PLANT— PLANAR CONCEPT 

Completion of the SPS Technology Advancement phase of SPS research and 
development by 1937 will provide the technical confidence to proceed with the 
full-scale precursor development and demonstration phase. The primary objective 
of this development is to confirm the proof of concept and to demonstrate com- 
mercial viability of the SPS to sponsoring agencies, utility firms and consort- 
iums, along with other interested groups that would ultimately interact with tht 
production system and benefit from its capabilities. The proposed precursor 
demonstration program, as shown in Figure 3.2-1, reflects in general the concept 
and phasing of this activity for cost-effective results and early design imole- 
mentation. 

The precursor satellite would be constructed in LEO by using the Space 
Shuttle system for mass transfer and construction support. The construction 
of an antenna frame, initially to serve as a demonstration article, is contem- 
plated as the first step. LEO base facilities will be subsequently expanded 
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Mass “ 31.63x10* kg 

Power at Utility I/F - 5.00 GW 

Specific Maaa ■ 6.33 kg/kW 

SPS CR-2 REFERENCE CONFIGURATION 
(3- TROUGH/PLANAR/KLYSTRON ) 



No. Baya - 30 

Hasa - 26.7x10* kg 

Power at Utility l/F “ 5.6 GW 

Specific Mass "4.77 kg/kW 

SPS CR-2 MAGNETRON CONFIGURATION 
( 3-TROUGH /PLAN AR) 



No. Panels ” 72 
Solar Array Power Generated 
- 11.46 GW 

Power at Utility ■ 5.22 GW 
Sp. Mass “7.66 kg/kW^j^j 

SPS CR-2 SOLID-STATE CONFIGUR- 
ATION ( 3-TROUGH /PLANAR/DUAL 
END- MOUNTED ANTENNA) 


(jO 

I 

to 


GaAa Solar Fanela 
Effective CR - 5.2 

Specific Maas “ 

8.48 kg/kW Util. I/f 

Power at Utility Interface 
1.21 GW per antenna 
(2.42 GW total) 

Masa with Growth (dry) “ 
20.53x10* kg 



SOLID-STATE GaAS SANDWICH CR-5 CONFIGURATION 


(DUAL REFLECTORS/ANTENNAS) 


MBG Solar Panels 
Effective CR - 5.2 

Specific Mass “ 

5.35 kg/kW Util. I/F 


Power at Utility Interface " 
1.53 GW per antenna 
(3.06 GW total) 

Maaa with Growth (dry) • 
16.39X10* kg 



SOLID-STATE GaAlAs MBG SANDWICH CR-5 CONFIGURATION 
(DUAL REFLECTORS /ANTENNAS) 


Figure 3.1-1. Rockwell SPS Concepts — 1980 
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Figure 3.2-1. SPS Scenario — Planar Concept 




to accommodate the pilot plant buildup and fabrication of a single solar panel 
bay equivalent in design to that contemplated for the satellite. A yoke is 
fabricated at the solar bay and serves as a mounting for the antenna frame. 
Subsequent assembly of antenna subarrays, solar panels, power distribution 
and conditioning, and remaining subsystems will prepare the article for 
orbital checkout and initial test. The pilot plant can be expanded by the 
addition of solar panel bays, and antenna subarrays as may be required for 
further LEO testing or as considered necessary for GEO test verification and 
operations checkout. 

An evolutionary construction scenario is illustrated in Figure 3.2-2 to 
describe the concept of a basic construction facility fabricated in LEO and 
utilized in low orbit to build the bay and antenna yoke. This design has an 
Integral bay with the capability of transferring the pilot plant to GEO and 
to provide power for tests. A primary consideration of this development is 
the utilization of that "bay" as the power module. (This scenario allows 
common development and the verification of a construction facility that could 
be expanded into an SPS assembly fixture.) As the antenna frame is being 
fabricated. Shuttle external tanks are delivered and mated to form a con- 
struction fixture for use in fabricating the EOTV bay and antenna yoke. 



Figure 3.2-2. EOTV Pilot Plant Construction Scenario 
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3.3 SPS PILOT PLANT— SANDWICH PANEL CONCEPT 


During Che past several years, Rockwell has placed considerable emphasis 
on the optimization of SPS concepts and on the development of new concepts 
stemming from lessons learned and from further in-depth studies of subsystems 
and advancing technology. One such concept is represented by the second 
"family" of satellite configurations, where the basic design approach is the 
integration of solar panels and the microwave generation and transmission 
system. 

This sandwich panel concept employs "layers" of needed elements sandwiched 
together and constructed in specified modular areas, or panels. One outer 
layer is the solar cell blanket and the other outer layer the RF transmitting 
c'lements, i.e,, dipoles. The in-between layers contain the power distribution 
and phase control wiring, and the power amplifiers. This assembly is described 
in Rockwell technical papers as a solid-state sandwich panel, and satellite 
configurations have been developed using this approach. For the operational 
conf iguration, additional reflector area is added to increase the illumination 
on the solar cells. The demonstration system (antenna frame) and the pilot 
plant are discussed herein. 

A proposed scenario for the solid-state panel satellite is shown in 
Figure 3.3-1. It illustrates a synthesized program reflecting recommendations 
for ('!) a projected six-year plan of ground-based exploratory development 
within the technology advancement phase, (2) the satellite proof-of-concept 
developments /demons trat ions , and (3) the SPS commercialization phase leading 
to a full-up operational capability in the year 2000. 

3.4 ANTENNA FRAME DEMONSTRATION AND TEST ARTICLE 
(TOTAL PROOF OF CONCEPT) 

A first step toward the completion of an SPS pilot plant, as illustrated 
in tlie proposed scenario, is the construction of an antenna frame to serve as 
a test bed and main element of the ultimate proof-of-concept test vehicle. 

This scenario is principally applicable to any SPS concept and, although a 
significant effort, the implementation of this program can be carried out by 
the use of an appropriately equipped space operations center or Space Shuttle 
orb iter. Development stages c)f a beam-machine-generated test article^ is 
illustrated in Figure 3.4-1, although further study, is needed to consider 
otlier construction approaches. 

i:n this illustration, development steps lead to the fabrication of a 
scale model and ultimately a full-scale tri-beam constructed hexagonal frame. 
Installation and checkout of control systems, microwave generators, and test 
article subsystems will prepare the antenna frame for test and verification 
in the early 1990's, or before. 


b'FS-LSST Systems Analysis and Integration Test for SPS Flight Test Article, 
NASA/MSFC Contract NAS8-32475, Exhibit E, Space Operations and Satellitii 
Systems Division, Rockwell International, SSD 80-0102 (August 1980). 
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KEY TEOfWLOGY PROCI^ ACTIVITtES 



Figure 3.3-1. SPS Scenario — Solid-State Panel Satellite 
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Figure 3.A-1. SPS Test Article I Development Stages (Example 
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The antenna frame test will make maximum use of anticipted GBED program 
results, involve ground support systems, provide RF transmission/reception 
verifications of efficiency-phase control-beam shaping, identify environmental 
interactions, establish subsystem performances, and demonstrate space construc- 
tion techniques. Figure 3.4-2 illustrates a projected mission plan and test 
sequences of the demonstration/test article. These experiments/tests also 
Integrate the needs of more than one technical area and represent confirma- 
tions of ground-based activities which, because of their size or difficulty 
in duplicating environmental conditions, could not be verified on the ground. 


TEST OSJCCTIVES 

. CONSTHUCTIOH OF U«CE 5TACE STOUCTUBES 

• STKUCTUnE STBENGTH AND DtMENSIONAl STABIUTY 

• SOIABARNAV FEBFORMANCE 

• rOWERAMFUFIEHrERrONMANCE 

• FHASE CONTROL SYSTEM 

• SYSTEM POINTING CONTROL 

• KEY SUBSYSTEMS INTERFACE PEOFORMANCE 

• HICROMAVE BEAM FORMING 

• MICROWAVE ENVIRONMENTAL INTERACTIONS 

• RECTENNA SYSTEM PERFORMANCE 

• REPLICATION OF SYSTEM EFFICIENCY CHAIN 




• START AT 300 NM (3S* INCL.) ORtIT 

• FREE DRIFT MOOE 

• DECAY TO sTTONM J!- a 1 

CnA 

• CONSTRUCTION BY FIXTURE 

• ORBITER DOCKS TO FIXTURE 

• LIBRATION OAMPINQ FOR 
ORBITER DOCKING 

• CONSTRUCTION DUALITY MEASUREMENTS 



• START AT 270 NM . 3S* INCL. 

• (lUASI INERTIAL MODE 

• ORBIT MAKEUP 
7K0 79NM ORBIT 

• LIBRATION DAMPING FOR 
ORBITER DOCKING 



• FREE DRIFT 

> FRAME COMPRESSION PROOF TEST 

• APS FOR KO 79 NM ORBIT 


electronic TEST 
OPERATIONS 1 MO 


• WB 79 NM 135* INCH ORBIT 

• CONTROL RELATED TESTS 

• » ELECTRONIC TESTS 

• APS MAKE UP FOR 7f« 79 NM ORBIT 

• CONTINUOUS SPIN - .765"75EC 


Figure 3.4-2. Mission Description and SPS Test Article 


The antenna frame configuration (Figure 3.4-3) is based on the Rockwell 
tension web, compression frame design. In this case, its structure is made up 
for 30-m composite struts, cross-braced with tension cables as shown. A cruci- 
form 1795 m in length by 5 m in width consists of 17,925 one-meter sandwich 
panels supported by tension cables spaced 5 m apart. Based on the solar cell 
and amplifier projected 1985 technologies, the power rated from a 5-m x 5-m 
panel group is estimated to be 125 W/m^. Four 5-m x 5-ni panel groups comprise 
a basic RF phase controlled module. There are, therefore 717 active phase 
controlled RF modules in the satellite. 


The desire to configure the demonstration concept on the basis of a full- 
scale MW antenna design involved a review of structural approaches which could 
be achieved within the timeframe under consideration, and would be compatible 
with the Space Shuttle's payload capabilities. Three candidate structure con- 
cepts are depicted in Figure 3.4-4 using two fundamentally different approaches 
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AMTEWNA 

17 J2S SUtARRAVS IM X 1« 
RAOIATEO ROWE R - 2 2S MW 
ELECTRONIC PntNTING - 7 JS* 

POWER 

MODULAR POWER PACKS 
LOCALIZED POWER 
PHOTOVOITAIC/SATTERY 

DATA MAMA G EMEWT Ri 
COMMUNICAT IQW? 
STONTTORSCOMPATIRLE 
SSANO CHANNELS 
MODULAR COMMAND/DATA 
SYSTEM 

ATTITUDE C O NTROL > 
STABILI2ATI UW 
TARGET ACQUISITION - 7n*/SEC 
TARGET POINTING - SO* 

AUXILUARY PROPULSION 
4 - APS POOS 

I - I47N THRUSTERS 
IS - 77N THRUSTERS 
PROPELLANT MASS - lOJTOKG 

STRUCTURE 

LIMIT COMPRESSION IN FRAME 
63 4 KN 

SAFETY FACTOR - 70 
TEST ARTICLE MASS 
FOR 76 000 KC STRUCTURE - 
143 ;P6 KG rnlAL MASS 


Figure 3.4-3. 


Demonstracion/Test Article Configuration 



Figure 3.4-4. Candidate Antenna Structural Concepts 

The first approach uses a 30— m hinged, nestable tapered strut (Figure 3.4—5) 
which is built up of graphite-epoxy composites. A ball-socket swivel joint 
concept for easy joining of these struts is shown in Figure 3.4-6. When 
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folded and nested (e.g., like dixie cups), the struts can be stowed within the 
cargo bay of the Space Shuttle orbiter. Either of the two beam configurations 
— pentahedral truss or triangular truss — could be employed. 

Alternatively, an automated beam machine could be used, such as currently 
under development by the' NASA. Both approaches were compared on a mass versus 
center deflection basis. The data generated (Figure 3.4-7) were based on a 
fully populated MW antenna located at GEO in order to design growth capability 
into the demonstration concept. Previous analyses have indicated an allowable 
maximum center deflection of from 16 to 24 cm is acceptable and, although the 
beam machine approach is projected to be clearly superior, it was decided that 
the more conservative strufc/joint concept should be used until the beam machine 
is developed further. Of these three concepts, therefore, the triangular truss 
using 30-m struts was selected. 

TOTAL 

STIUCTUlUL MASS 
(1000 KG) 



Figure 3.4-7. Candidate Structural Concept Trades 
3.5 ORBITAL ASSEMBLY 


Assembly of the satellite structure on orbit was investigated and it was 
determined that some type of assembly jig would be required. Concepts were 
developed and an example structure jig for the triangular truss is illustrated 
in Figure 3.5-1. A docking adapter is stationed at one side of the jig to 
accommodate the Space Shuttle orbiter as it brings up the required payloads. 

As envisioned, the structural jig would be completely automated since the 
processes for .satellite assembly are simple and highly repetitious. Assembly 
of the satellite structure, strut by strut, is accomplished within the jig 








of active control may be required to ensure stability out of this plane.) The 
cables which constitute the cruciform are assumed to be doubled over pulleys 
so that the 5x5-m RF panels can be "clotheslined" across from one end. This 
concept needs in-depth study to ensure that all assembly functions can be con- 
ducted in a safe, viable manner. 





The ideal orbital position for antenna frame demonstration purposes would 
be to have the LEO satellite directly over the rectenna site at noon, since 
this most closely approximates the operational system at GEO. Figure 3.5-4 
illustrates that under these orbital conditions, a full two minutes of power 
transmission and phase control testing can be conducted at the attitudes and 


ElEVATtON 

ANGIE 

(DEGREES) 


alternate APfROACH 
SAniUTE INCLINATION- 35.0* 
satellite altitude -2MN.MI. 
GROUND SITE LATITUDE -3S.0*N 




Figure 3.5-4. Flight Data Relative to Ground Site 
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inclinations noted. These data are based upon operating the satellite and 
+ and - 45'“ from its zenith point; and, as indicated by the data, the time 
could be increased by expanding the view (elevation) angles. Due to orbital 
regression, it is estimated that measurements could be taken over a single 
fixed site 9 days out of 48. To supplement these opportunities, provisions 
have been made (e.g., added mass and costs) to include batteries on board the 
satellite, thereby allowing daily testing to be conducted. Variations in 
received power levels will be experienced as functions of elevation angles, 
slant range, and sun angles; however, since the exact positions of those will 
be known, actual measurements can be correlated with the calculated perform- 
ance specifications. 


3.6 PILOT PLANT TEST VERIFICATION 

At this point in the verification process, experiments and pilot plant 
tests are primarily concerned with identifiable unknowns such as thermal 
effects on tolerance, plasma effects on orbit, etc.; however, the experience 
of building the structure will in itself identify limitations in techniques 
and serve to define the procedures, configurations, hardware, and material 
which can best serve an operational SPS. Table 3.6-1 summarizes a number of 
tests applicable at various steps of pilot plant development, as shown in 
Figures 3.2-1 and 3.3-1. 

A direct fallout of employing key full-scale elements in the precursor 
proof-of-concept program is that given an SPS program commitment; the demonstra- 
tion system can be incrementally upgraded to operate as a pilot plant at geo- 
synchronous orbit in the first half of the 1990 decade. 

3.7 RECTENNA DESIGN CONCEPT 

A major advantage of transmission across the larger aperture MW transmit- 
ting antenna is realized in the small size of the receiving antenna (i.e., the 
rectenna). Figure 3.7-1 illustrates the resulting rectenna size requirement 
which is approximately one-half the area of a football field. Tlie rectenna 
panels are comprised of dipoles, appropriately spaced, on a ground plane of 
wire mesh builders "cloth.” If desired, the rectenna could be built for trans- 
portability and demonstrated at sites throughout the U.S. As shown in the 
lower center of the figure, the calculated maximum incident radiation level is 
low and unquestionably safe — yet. Ml'/ energy capture over the 2500 m“ will develop 
a maximum power level of 18.75 kW. 

3.8 COSTS .-\ND CONCLUSIONS 

The basic recommendations is that Phase A studies should be initiated as 
soon as possible. The objective of these studies would be to develop the cur- 
rent ground-based exploratory developments and other demonstration concepts to 
the depth necessary for a comparison and evaluation of alternative concepts 
and configurations, responsive to SPS requirement defintions of power conver- 
sion, microwave systems, construction approaches, transportation technologies, 
electric power distribution, structures/controls/materials , and testing oper- 
ations. The evaluation of these alternative approaches would be based upon 
cost-ef fectiveness and schedule compatibili ty within the domains of achievable 
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Table 3.6-1. Tentative List of Experiment /Flight Tests for Pilot Plant 



AREAS OF EXPLORATORY RESEARCH AND DEVELOPMENT ! 


1.0 

SYSTEMS ANAL. 
1 TECHNOLOGY 

2.0 i 

SOLAR POWER 
CONVERSION 

3.0 ’ 

POWER 

DISTRIBUTION 

4,0 

PWR TRANSMISSION 
A RECEPTION 

5,0 

STRUCT., CON- 
TROLS A MATER' LS 

6.0 

SPACE 

OPERATIONS 

7.0 

TRANSPORTATION 

[ HIGH-VOLTAGE 
j PLASMA 
INTERACTION 

(2) (3) SPS CON- 
CEPT DEFINITION 

{2) PLASMA 
LEAKAGE FROM 
SOLAR ARRAYS, 
LEO 

13) PLASMA 
LEAKAGE FROM 
SOLAR ARRAYS 
(GEO) 

(2)(3) POWER BUS 
LEAKAGE TO 
PLASMA ENVIR. & i 
ARCING BETWEEN 
BUSES 

(2)(3) HIGH- 
VOLTAGE PLASMA 
EFFECTS ON 
KLYSTRONS AND 
MAGNETRONS 

(2) (3) INSULA- 
TION DEVELOPMENT 

CONSTRUCTION 
UNDER PLASMA 
CONDITIONS 

. 


! TOLERANCE 
, BUILDUP 
DURING CON- 
STRUCTION & 
OPERATIONS 
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Figure 3.7-1. Rectenna Considerations 
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technology and decision-making requirements. The anticipated positive results 
of these studies should significantly enhance the technical feasibility of SPS 
as an economically viable source of base load power for the near future. 

The recent Rockwell study efforts, conducted within the bounds of SPS 
demonstration objectives, guidelines, constraints, and requirements yielded a 
number of significant findings: 

• A total proof-of-concept demonstration can be developed and 
tested in the early 1990 's based on a ground-based explora- 
tory program of the 1980' s. 

• The system concept can be demonstrated with a precursor 
satellite at low earth orbit. 

• The R&D and precursor demonstration project are designed 
to provide the system technology base operations and hard- 
ware needed for SPS program confirmation. 

• Projected technology advancements from on-going DOE and NASA 
programs and recommended R&D activity are considered adequate 
for the demonstration concept. 

• Power collection can be demonstrated by a transportable rec- 
tenna farm of approximately one-half an acre (approximately 
one-half the playing area of a football field) . 

• The precursor concepts are planned to duplicate and validate 
key interfaces of the operational SPS efficiency chain and 
concept definition. 

• The demonstration concept has been designed for ultimate 
growth into an operational GEO pilot plant in the mid-1990's. 

Elements of the antenna frame demonstration program are shown in 
Figure 3.8-1, starting with the Space Shuttles for earth launch and ending 
with production facilities (pilot scale) for manufacturing the required 
demonstration hardware. For the concept chosen, it is worthwhile to note 
that the technology driver — from a schedule standpoint — is expected to be 
the sandwich panel, comprised of thin-film GaAs cells and solid-state 
amplifiers. Combining the two into a panel is not anticipated to be diffi- 
cult and the development of each technology is covered by the R&D plan. 

Schedule compatibility with the R&D program is reflected by the annual 
funding curve shown in Figure 3.8-2, wherein substantial costs are not 
incurred until af ter a successful R&D program has been accomplished. 
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4.0 SYSTEM SUMMARY 


The definition of research and development (R&D) objectives is based upon 
the identification of technological strength and weaknesses in the necessary 
satellite, ground station, transportation system/subsystems and in the costs 
associated with the elements that constitute these subsystems/systems. This 
section presents, in summary, the various candidate satellite concepts, trans- 
portation scenarios, and cost estimates for the Satellite Power System defined 
during Exhibit D of Contract NAS8-32475. Complete details of the candidate 
satellites, the transportation system, and system cost factors may be found in 
Volumes VII, III, and VI, respectively, of the final report (SSD 80-0108) for 
this study. 

4.1 SYSTEM CONCEPTS (AUGUST 1980) 

4.1.1 SATELLITE 

The present concepts suggested by Rockwell are illustrated in Figures 
4.1-1, 4.1-2, and 4.1-3. The first concept (Figure 4.1-1) consists of a 
three-trough planar solar cell array with a CRg of 1.83 and utilizes klystrons 
(or magnetrons) for powering the microwave power transmission array. The 
klystron variation is essentially an updated version of the end-mounted concept 
depicted in March 1979. 



Figure 4.1-1. SPS Reference Configuration, Single 
End-Mounted Tension Web Antenna — Klystron 
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Figures 4.1-2 and 4.1-3 depict the Rockwell alternate concepts that are 
predicated on the use of advanced technology, solid-state microwave power 
amplifiers as the means of generating the microwave transmission power beam. 
The concept in Figure 4.1-2 illustrates a concept similar to the baseline 
(klystron) reference concept. The solar array in this case remains a three- 
trough, planar configuration with a CR^ of 1.83. Two antennas are required, 
one at each end to overcome the lower transmission power (3.68 GW) available 
at each antenna, and the solar array area is increased to compensate for the 
lower overall system efficiency. All planar configurations utilize a modified 
10-dB Gaussian beam taper to minimize beam side lobe losses. 

Figure 4.1-3 represents a major deviation from the planar concepts most 
often considered for solar photovoltaic power generation satellites. The 
depicted approach utilizes a CR^ of 5.2 with the solar cell blanket and micro- 
wave antenna array forming the outer layer of a "sandwich." The inner layers 
provide for interconnection and thermal isolation since the desired operating 
temperature (estimated) for the solar cell and microwave amplifiers are 200°C 
and 125°C, respectively. The satellite reflector system consists of a large 
planar mirror that may be adjusted relative to sun, and a relatively flat but 
adjustable secondary mirror to maintain a focused solar image on the solar 
blanket . 

A major advantage of the "sandwich" conf igurat ion is the collocation of 
the microwave system and the solar power generation elements and, therefore, 
the elimination of the need for a high-power slip joint. It thus becomes 
possible to generate voltages directly at levels appropriate to solid-state 
device operation, eliminating the need for large masses of HV-to-LV dc-dc 
converters. Full details of each of the candidate concepts are presented 
in Volume VII of the final report. 

4.1.2 GROUND RECEIVING STATION 

The various elements of the defined ground receiving station (GRS) are 
shown in Figure 4.1-4. The major elements of the reference ground receiving 
station include the basic receiving/ rect i fy ing panels (rectenna), the power 
distribution and power conversion elements, as well as the various supporting 
elements (maintenance, facilities, land, etc.). The estimated efficiency of 
the various links of the ground system power chain is sho\>m in Figure 4.1-5. 
The only factor which is subjected to change are the base dimensions of the 
rectenna. For example, the rectenna dimensions for the March 1979 system 
were stated to be 10 km (minor axis) and 13 km (major axis). For the refer- 
ence system update (klystron) the minor and major axis dimensions remain the 
same, althoqgh the alternate configuration will require smaller rectenna area. 

The rectenna panels are located in the center of 'the receiving station 
and cover a ground area of approximately 100 km^ (approximately 25,000 acres). 
An additional 32 km^ (approximately 10,000 acres) is required for the distri- 
bution and conversion stations plus a security perimeter. Received power is 
approximately 6.15 GW (at 2.45 GHz). Power available at the utility interface 
is approximately 5 GW ac. 
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Preliminary analysis of the power beam footpring for the solid-state 
reference concept. Figure 4.1-2 (two required), and the "sandwich" concept. 
Figure 4.1-3 (two required), have indicated that the minor axis dimensions 
are 7.45 km and 4.87 km, respectively (for the single-junction GaAs solar cell 
configuration). The major axis dimensions are 1.31 times the above figures. 

4.2 SUMMARIES 


At the present time, seven alternate configurations have been Identified 
in detail. Of these, five have been considered for costing and transportation 
analysis. The seven configurations are summarized in Table 4.2-1, and consist 
of the klystron and solid-state antenna configurations utilizing the GaAs and 
GaAlAs/GaAs solar cells, and a magnetron antenna configuration considering 
GaAs solar cells only. An eighth alternate magnetron antenna with GaAlAs/GaAs 
cells has been tentatively defined, but details are not included to any depth 
in this document. 

4.2.1 KLYSTRON MICROWAVE ANTENNA 


The recommended satellite concept utilizing a klystron microwave power 
amplifier is shown in Figure 4.1-1. The illustrated concept consists of an 
end-mounted microwave power transmission system and a GaAs based three-trough, 
planar solar array. The array length is 16,000 m for a GaAs single-junction 
cell, and 11,000 m for an array based upon a GaAlAs/GaAs dual-junction (multi- 
bandgap) solar cell. The antenna array adds 1900 m to the overall length. 

The solar array panels are 730 m long and 650 m wide. Two of these panels 
make up a voltage string (43.3 kV) when using a single-junction cell. A single 
panel is capable of providing the necessary 43.3 kV when a multi-bandgan cell 
is used. The 650 m width consists of 26 strips, each 25 m wide. Sizing of the 
array is based on a solar constant at summer solstice (1311.5 W/m' ) , and an end 
of-life concentration ratio of 1.83, an operating temperature of 113°C, and the 
design factors shown in Figure 4.1-5 (efficiency chain). The installed solar 
panel area is defined as 28. 47 <10” m^ for the standard GaAs cell and 18.47<10”m 
for the MBG cell. Total power from the solar array output is estimated to be 
9.94 GW. Total transmitted power is 7.14 GW. System efficiency factors for 
both satellite configurations are indicated in Figure 4.2-1 (only the cell effi 
ciency differs). 

Table 4.2-2 presents a summary of the satellite mass for the two concepts. 
4.2.2 END-MOUNTED SOLID-STATE ANTENNA 


The satellite concept utilizing end-mounted solid-state antennas is shown 
in Figure 4.1-2. The basic characteristics are summarized in Table 4.2-3. The 
illustrated concept consists of a solar array, consisting of either single- or 
dual-junction solar cells, and dual solid-state microwave power transmitting 
antenna. In essence, the satellite configuration consists of two end-mounted 
satellites, each providing one-half the total output, joined together in a 
back-to-back configuration, sharing a common central crossbeam structure. 
Overall dimensions of the array are 4200 m wide by 18,000 m long (12,000 m MBG) 
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exclusive of antenna. Each antenna installation adds 2325 m. Thus, the over- 
all length is 22.650 m (16,650 ra for MBG) . 

Table 4.2-3. Recommended End-Mounted Solid-State 
Antenna Concept Characteristics 


• CaAs SOLAR ARRAY 

• GEOMETRIC CR 2.0 

• DUAL END-MOUNTED MICROWAVE ANTENNAS 

• amplifier base temperature = 125°C 

• amplifier .efficiency « 0.8 

• ANTENNA POWER TAPER « 10 UB 

• antenna diameter e 1.35 

• POWER AT utility INTERFACE * 2.6l GW PER ANTENNA 

(5.22 GW TOTAL 1 

• RECTENNA 80RESIGHT DIAMETER = 7.1*5 PER RECTENNA 


Blanket dimensions are 650 m wide bv 690 m long (650 465 m for MBG cells). 
Total area is 32.3^10 m' for the single- junction cell configuration, and 
21.2x10^ m^ for the dual-junction (MBG) ceil configuration. The antennas shown 
both utilize a 10 dB Gaussian shaped beam pattern to minimize side lobe power 
levels. Total power output from each half of the area is estimat; d as 5.73 GW. 
Total power transmitted from each antenna is estimated to be 3.68 GW. Total 
transmission power from the satellite is, therefore, 7.76 GW. System effici- 
encies for these configurations are shown in Figure 4.2-2. 

Table 4.2-4 presents a summary of the mass properties for these configur- 
ations . 

4.2.3 SANDWICH CONCEPT SOLID-STATE ANTENNA 

The solid-state sandwich antenna system concept is illustrated in Figure 
4.1-3. The system consists of dual mirror configurations focusing solar energy 
upon the rear-mounted solar cell blankets of the dual integrated solar cell/ 
power transmitting antenna (sandwich). The primary mirror is pivoted and may 
be rotated about the reflected solar axis so that antenna will remain locked 
to the antenna/rectenna boresight while maintaining the solar pointing during 
the 24-hour earth rotation and the ±23.5° variation in the solar/equatorial 
plane . 

Characteristics of the single- and multi-junction based antenna sandwich 
are summarized in Table 4.2-5. Total solar area of 2.63x10^ m^ and 2.09x10^ m^ 
is available. In this configuration, solar cell area and antenna aperture 
area are the same. System efficiencies for these configurations are shown in 
Figure 4.2-3. 

Table 4.2-6 presents a summary of the mass properties of both solar cell 
variations of the dual sandwich configuration. 
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* BEAM EFF 

•BEAM EFF 
PHASE ERROR 
OUTAGE 
ATMOSPHERE 

PRODUCT 


3 172 GW 


- 0.95 

- 0 945 

- 0.98 

- 0-98 

= 0 862 


RECTENNA 


MOTORS 

SWITCH 

k 0.999 > 


SWITCH 

GEAR 


POWER COLLECTION (0.S69S) 


SWITCH 

GEAR 


DC/AC 

[CONVERT 

STATION 


SWITCH 

GEAR 

— 

POWER 

OISTR 


SWITCH 

GEAR 

096 


0 999 


0.99 


0.999 


GRID INTERFACE (0 9476) 


Hj = POWER SOURCE X POWER OIST X MW ANT X POWER COLLECTION X GRID INTERFACE 
13 77% 93.87% 58 92% 86 95% 94 76% 


Figure 4.2-2. System lifficioncy Cliuin Dual Fnd-Mouii l('(l Concept 
(Solid Slate Antenna) (A[)ril 1980) 













Table 4.2-4. Mass Properties, Dual End-Mounted Solid-State Antenna 




STD CELL 

MBG CELL 



GaAs 

GaAl As/GaAs 

1 . 1.1 

ENERGY CONVERSION (SOLAR ARRAY) 
STRUCTURE 
PRIMARY 
SECONDARY 
MECHANISMS 
CONCENTRATOR 
SOLAR PANEL 

POWER DISTRIBUTION AND CONTROL 
POWER COND. EQUIP. G BATT. 
POWER DISTRIBUTION 
THERMAL 
MAINTENANCE 


1.233 

(0.902) 

(0.331) 

0.078 

0.766 

5.607 

0.846 

(0.222) 

(0.624) 

NONE 

0.056 

1.1.3 

(PARTIAL) 

INFORMATION MANAGEMENT AND CONTROL 
DATA PROCESSING 
INSTRUMENTATION 

0.057 

(0.024) 

(0.033) 

0.057 

(0.024) 

(0.033) 

1.1.4 

(PARTIAL) 

ATTITUDE CONTROL 

0. 116 

0. 116 

SUBTOTAL 

12.279 

8.759 

1.1.2 

POWER TRANSMISSION (ANTENNA) 
STRUCTURE 
PRIMARY 
SECONDARY 
MECHANISM 
SUBARRAY 

POWER DISTRIBUTION AND CONTROL 
POWER CONDITIONING 1 BATT. 
POWER DISTRIBUTION 
THERMAL 

ANTENNA CONTROL ELECTRONICS 
MAINTENANCE 

1.409 

(0.094) 

(1.315) 

0.004 

10.561 

4.405 

(2.164) 

(2.241) 

NONE 

0.340 

0.448 

1.409 
(0.094) 
(1.315) 
0.004 
10.561 
4.405 
(2. 164) 
(2.241) 
NONE 
0.340 
0.448 

1.1.3 

(PARTIAL) 

INFORMATION MANAGEMENT AND CONTROL 
DATA PROCESSING 
INSTRUMENTATION 

1.622 

(1.385) 

(0.237) 

1.662 

(1.385) 

(0.237) 

1.1.4 

(PARTIAL) 

ATTITUDE CONTROL 

NEGLIG. 

NEGLIG. 

SUBTOTAL 

18.789 

18.789 

1. 1.6 

INTERFACE 

STRUCTURE 

PRIMARY 

SECONDARY 

MECHANISMS 

POWER DISTRIBUTION AND CONTROL 
POWER DISTRIBUTION 
SLIP RING BRUSHES 
THERMAL 
MAINTENANCE 
COMMUNICATION 

0.236 
(0. 168 
(0.068) 
0.072 
0.538 
(0.487) 
(0.051) 
NONE 
0.064 
TBD 

0.236 
(0. 168) 
(0.068) 
0.072 
0.538 
(0.487) 
(0.051) 
NONE 
0.064 
TBD 

SUBTOTAL 

0.910 

0.910 

SPS TOTAL (DRY) 

31.978 

28.458 

GROWTH (2St) 

7.995 

7. 114 

TOTAL SPS (DRY) WITH GROWTH 

39.973 

35.572 

SATELLITE POWER 9 UTILITY 
INTERFACE (GW) 

5.22 

5.22 

SATELLITE DENSITY, KG/KW^, 

7.66 

6.81 
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Table 4.2-5. Nominal Characteristics 
of Sandwich Concepts 



GaAs 

GaAl As/GaAs 

UNIfOfW ILLUMINATION 

(0 dB TAPER) 

(0 dB TAPER) 

EFFECTIVE 

5-2 

5.2 

SOLAR CELL TEMPERATURE 

200 “C 

200 ° C 

SOLAR CELL EFFICIENCY 

0 . 1 566 

0.2506 

AMPLIFIER EFFICIENCY 

0.8 

0.8 

AMPLIFIER BASE TEMPERATURE 

125 'C 

125 °C 

ANTENNA OHMIC EFFICIENCY 

0.56 

0.96 

SOLAR CELL PACKING FACTORS 

0 . 85 W 

0.8547 

POWER TRANSMITTED/UNIT AREA 

778.9 w/n’ 

1242 W/p' 

ANTENNA DIAMETER 

1.83 K'"’ 

1.63 km 

antenna area 

2.63 IWTI* 

2.09 km- 

TOTAL TRANSMITTED POWER 

3.66 GW 

4.64 GW 

POWER AT UTILITY INTERFACE (EA.) 

1.21 GW 

1.53 GW 

rectenna axis (each) 

4.87-5.99 4 m 

5.47-7. 16 km 

RECTENNA AREA (EACH) 

23.2 kjT,' 

31.3 km- 

ANTENNA DETAIL 



TYPE— DIPOLE WITH DIPOLE-MOUNTED AMPLIFIERS 



• ELEMENT SPACING 

7.32 CP 

7.81 O'. 

• NUMBER OF ELEMENTS/SQUARE METER 

164 

164 

• OUTPUT POWER/DEVICE 

4.24 W 

6.77 w 

• HEAT DISSIPATED DEVICE 

1 .06 W 

1 . 69 w 

• GROUND PLANE TO DIPOLE LENGTH 

3.05 cm 

3.05 cm, 

. BERLCX DISC DIAMETER 

4.46 an 

6.09 on 

• 6 ERL 0 X DISC AREA 

15.62 on" 

29 . 1 cm- 

• BERLOX DISC THICKNESS 

0.0254 cn 

0.0254 cm 

• BERLOX DISC VOLUME 

0.397 cm’ 

0. 740 cm ’ 
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■BEAMEFF - OBB 
PHASE ERROR - 0 94S 
OUTAGE - 0 98 
ATMOSPHERE - 098 


k 


POWER COLLECTION (0 B67b) 


•+<- 


UTILITY INTERFACE (0 94761 



Pt ^ POWER SOURCE X MICROWAVE ANTENNA X POWER COLLECTION X UTILITY INTERFACE 
9 06\ 60 75% 86 75% 94 76% 


PRODUCT - ' f)9 


= 4 52% 


Figure ^*2 3- SysLom Kfficioncy Chain — Sandwich Concept 
(Solid-State Antenna) (April 1980) 















Table 4.2-6. Mass Properties, Dual Sandwich Solid-State Antenna 



STD CELL 

MBG CELL 


GaAs 

GaAIAs/GaAs 

I.I.I ENERGY CONVERSION (SOLAR ARRAY) 


■M 

STRUCTURE 



PRIMARY 


mImSM 

SECONDARY 



MECHANISMS 



CONCENTRATR 

2.075 

1.646 

SOLAR PANEL 

0.076^^ 

0.076* 

POWER distribution AND CONTROL 

O.GI 5 

0.015 

POWER CONO. EQUIP, t SATT . 

(0.013) 

(0.013) 

POWER DISTRIBUTION 

(0.002) 

(0. 002) 

THERMAL 

NONE 

NONE 

MAINTENANCE 

0. 100 

0.100 

1 . 1.3 INFORMATION MANAGEMENT AND CONTROL 

0.033*^ 

0.033^* 

(PARTIAL) DATA PROCESSING 

(O.OIlt) 

(0.014) 

INSTRUMENTATION 

(0.019) 

(0.019) 

l.l.i* ATTITUDE CONTROL 

0. 103 

0.103 

(PARTIAL) 



SUBTOTAL 

5.81*1 

4.403 

1.1.2 POWER TRANSMISSION (ANTENNA) 



STRUCTURE 

0.729 

0.649 

PRIMARY 

(0. 161) 

(0. 143) 

SECONDARY 

(0.568) 

(0.506) 

MECHANISM 

NONE 

NONE 

SUBARRAY 

8.821 

7.053 

POWER DISTRIBUTION AND CONTROL 

INCLUDED 

INCLUDED 

THERMAL 

NONE 

none 

ANTENNA CONTROL ELECTRONICS 

0.3^0 

0-340 

MAINTENANCE 

0.1*36 

0.408 

1 . 1.3 INFORMATION MANAGEMENT £ CONTROL 

0.256^** 

0.256*** 

(PARTIAL) DATA PROCESSING 

(0.152) 

(0.152) 

INSTRUMENTATION 

(0. lOi) 

(0.104) 

1.1. ATTITUDE CONTROL 

neglig. 

NEGLIG. 

(PARTIAL) 



SUBTOTAL 

10.582 

8.706 

1.1.6 INTERFACE 



STRUCTURE 

N/A 

N/A 

PRIMARY 



SECONDARY 



MECHANISMS 

N/A 

N/A 

POWER DISTRIBUTION AND CONTROL 

N/A 

N/A 

POWER DISTRIBUTION 



SLIP RING BRUSHES 



THERMAL 


N/A 

MAINTENANCE 


- 

COMMUNICATION 


T8D 

SUBTOTAL 

- 

- 

SPS TOTAL (DRY) 

16.1*23 

13.109 

GROWTH (252) 

JTTo6 

3.277 

TOTAL SPS (DRY) WIT~H GROWTH 

20.529 

16.386 

SAT. PWR ^ UTILITY INTERFACE (CW) 

2.41 

3.06 

SAT. DENSITY, KG/KW^, 

8.52 

5.35 

♦AUXILIARY POWER ONLY 



♦♦TWO-THIRDS MASS OF REFERENCE CONCEPT 




*** 20 % REF. HASS PER ANTENNA 
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4.2.4 MAGNETRON CONCEPT 

The satellite concept using magnetrons as microwave power amplifiers on 
the antenna is physically similar to the klystron based concept and, therefore, 
has the same general configuration as the reference concept (Figure 4.1-1). 

The array length of the concept based upon a 20-kV (nominal) solar array volt- 
age is 15,000 m (10,000 m, MBG) . Overall length including the antenna is 
16,900 m (11,900m, MBG). 

The solar array panels are 700 m long and 650 m wide, and generate 
21.85 kV at the switch gear output. The solar array panels with MBG cells 
are 470 m long. As was the case with the klystron concept, the 650-m width 
consists of 26 strips, each 25 m wide. Total power from the solar output is 
estimated to be 9.8 GW. Total transmitted power is calculated to be 8.00 GW. 
System efficiency factors for this configuration are indicated in Figure 4.2-4. 



n,.fow**lou*ct X POWf«qi$T i m**! x xwrtx coilECTiOi* x Cxid i»T|)ir*ct 
nm i3irx khx m 


Figure 4.2-4. Svstem Efficiency Chain — Magnetron Concept 

(June 1980) . 


Table 4.2-7 summarizes the satellite mass properties. 
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Table 4.2-7. Mass Properties — Magnetron Antenna 
(April 1980) 



STD CELL 

M9G CELL 


GsAb 

GaAl As/GaAs 



** 

I.I.l ENERGY CONVERSION {SOLAR ARRAY) 



STRuCTuPL 

1.601 

1.245 

PR 1 MAH'! 

(0.904) 

(0.565) 

SLCOfJDA.'IY 

(0.697) 

(0.680) 

MECHAN I SkC. 

0.070 

0.070 

CONCENTRATOR 

0.988 

0.663 

SOLAR PANEL 

6.880 

4.619 

POh'CR DISTRIE3UTI DN 4 CONTROL 

4.146 

2.874 

POWER COND. EQUIP. 4 BAT i . 

(0.319) 

(0.319) 

POWER DISTRIBUTION 

(3.827) 

(2.555) 

THERMAL 

NONE 

NONE 

maintenance 

0.092 

0.092 

1.1.3* INFORf^ATION management 1 CONTROL 

0.050 

0.050 

DATA PRXESEING 

(0.021 > 

(0.021 ) 

INSTRU-IENTATION 

(0.029) 

(0.029) 

1.1.4* AirriUDE CONTROL 

0. 1 16 

0. 1 16 

SUBTOTAL 

13.943 

9.729 

1.1.2 POwER TRANSMISSION (ANTENNA) 



STRUCT URE 

0.547 

0.547 

PRIMAR> 

(0.023) 

(0.023) 

SECONDARY 

(0.524) 

(0.524) 

MECHANISM 

0.002 

0.002 

SUBARRAY 

3,320 

3.320 

POWER DISTRIBUTION 4 COtTTROL 

1.515 

1.515 

POWER CONDITIONING 4 BATT. 

(0.346) 

(0.346) 

POWER DISTRIBUTION 

(1.169) 

(1.169) 

THERMAL 

NONE 

NONE 

ANTENNA CONTROL ELECTRONICS 

0. 170 

0. 170 

MAINTENANCE 

0. 107 

0. 107 

1.1.3* INFORMATION MANAGEMENT AND CONTROL 

0.320 

0.320 

DATA PROCESSING 

(0.190) 

(0. 190) 

INSTRUMENTATION 

(0. 130) 

(0. 130) 

1,1.4* attitude CONTROL 

NEGLIG. 

NEGLIG. 

subtotal 

5.961 

5.981 

1,1.6 INTERFACE 



STRUCTURE 

0.257 

0.257 

PRIMARY 

(0.136) 

(0. 136) 

SECONDARY 

(0.121) 

(0. 121 ) 

MECHANISMS 

0.033 

0.033 

POWER DISTRIBUTION 4 CONTROL 

1.194 

1.194 

POWER DISTRIBUT ION 

(1.177) 

(1.177) 

SLIP RING BRUSHES 

(0.017) 

(0.017) 

THERMAL 

NONE 

NONE 

MAINTENANCE 

0.032 

0-032 

COMMUNICATION 

TBO 

TBO 

SUBTOTAL 

1.516 

1.516 

SPS TOTAL (DRY) 

21.44 

17.226 

growth (25f> 

5.36 

4.307 

TGTAL SPS (DRY) WITH GROWTH 

26.8 

21.533 

SAT. PWR e UTILITY INTERFACE (Gw) 

5.6 

5.6 

SATELLITE DENSITY, 

4.79 

3.65 

1 "PARTIAL **I06 kc 1 
































4.3 TRANSPORTATION 


4.3.1 INTRODUCTION 

During the several phases of the SPS Concept Definition Study, various 
transportation system elements were synthesized and evaluated on the basis of 
their potential to satisfy overall SPS transportation requirements and of 
their sensitivities, interfaces, and impact on the SPS. 

Additional analyses and investigations were conducted to further define 
transportation system concepts that will be needed for the developmental and 
operational phases of an' SPS program. To accomplish these objectives, trans- 
portation systems such as the Shuttle and its derivatives have been identified; 
new heavy-lift launch vehicle (HLLV) concepts, cargo and personnel orbital 
transfer vehicles (EOTV and POTV), and intra-orbit transfer vehicle (lOTV) 
concepts have been evaluated; and, to a limited degree, the program implica- 
tions of their operations and costs were assessed. The results of these 
analyses have been integrated into other elements of the overall SPS concept 
definition studies. 

The primary areas of study during this phase of Che contract were directed 
toward the following: 

• The synthesis and evaluation of a smaller payload version of 
the HLLV 

• The assessment of specific technical issues relating to HLLV 
feasibility 

• A reassessment of the EOTV concept and configuration update 

• The ident if icatwon of technology advancement requirements to 
enhance/satisfy operations requirements 

• The generation of cost and programmatic data to support SPS 
concept trade studies 

SPS program and transportation system analyses continue to show that the 
prime element of transportation systems cost, and SPS program cost, is that 
of payload delivery to LEO or HLLV feasibility/cost . 

4.3.2 TRANSPORTATION SYSTEM ELEMENTS 

Studies conducted to date definitely show that Che SPS program will 
require a dedicated transportation system. In addition, because of the high 
launch rate requirements and environmental considerations, a dedicated launch 
facility may also be required during the SPS construction phase. The major 
elements of the SPS transportation system consist of: 

• Heavy-Life Launch Vehicle (HLLV) — SPS cargo to LEO 

• Personnel Transfer Vehicle (PTV) — personnel to LEO (Growth STS) 
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* Electric Orbit Transfer Vehicle (EOTV) — SPS cargo to GEO 

• Personnel Orbit Transfer Vehicle (POTV) — personnel from 

LEO to GEO 

• Personnel Module (PM) — personnel carrier from earth-LEO-GEO 

* Intra-Orbit Transfer Vehicle (TOTV) — on-orbit transfer of 

cargo/personnel 

Of the many HLLV options investigated (i.e., one- and two-stage ballistic 
or winged, parallel or series burn, etc.), a two-stage vertical takeoff hori- 
zontal landing (VTO/HL) HLLV (Figure 4.3-1) has been tentatively selected as 
the preferred or "baseline” concept. An interim HLLV will be required during 
the initial SPS program development phase (Figure 4.3-2). This vehicle is 
designated as a Shuttle-derived or "Growth Shuttle" HLLV (STS-HLLV). This 
launch vehicle utilizes the same elements as the PLV (described below) , except 
the orbiter is replaced with a payload module and an auxiliary recoverable 
engine module to provide a greater cargo capability. 




Figure 4.3-1. VTO/HL HLLV Concept 

The personnel launch vehicle (PLV) is used to transfer the SPS construc- 
tion crew from earth to LEO. This launch vehicle is a modified Shuttle Trans- 
portation System (STS) configuration. The existing STS solid rocket boosters 
(SRB) are replaced with reusable liquid rocket boosters (LRB) , thus affording 
a greater payload capability and lower overall operating cost (Figure 4.3-3). 
The personnel module, described below, is designed to fit within the existing 
STS orbiter cargo bay. 

The Interim HLLV and PTV (STS derivatives) will be phased out of the pro- 
gram when the SPS dedicated HLLV becomes operational. 
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(OPEN) 


Figure 4.3-3. Growth Shuttle PLV 







The electric orbital transfer vehicle (EOTV) is employed as the primary 
transportation element for SPS cargo from LEO to GEO. The vehicle configura- 
tion (Figure 4.3-4), defined to accomplish this mission phase, utilizes the 
same power source and construction techniques as the SPS. The solar array con- 
sists of two "bays" of the SPS, electric argon ion engine arrays, and the 
requisite propellant storage and power conditioning equipment. The vehicle 
configuration, payload capability, and "trip time" have been established on 
the basis of overall SPS compatibility. 



Figure ■ 4 . 3-4 . Selected EOTV Configuration 

The personnel orbit transfer vehicle (POTV) , as described herein, consists 
of that propulsive element required to transfer the personnel module (PM) and 
its crew/conscruction personnel from LEO to GEO- The mated configuration of 
POTV/PM is depicted in Figure 4.3-5. The POTV consists of a single, chemical 
(LOX/LH 2 ) rocket stage which is initially fueled in LEO and refueled in GEO 
for return to LEO. The POTV has been sized such that it is capable of fitting 
within the existing STS cargo bay and the growth STS payload delivery capability. 

An intra-orbit transfer vehicle (lOTV) is defined in concept only. Because 
of the potential problems associated with docking and cargo transfer between the 
HLLV and EOTV in LEO and the EOTV and GEO construction base, a transfer vehicle 
capable of accomplishing this function is postulated. From cost and program- 
matic aspects of the overall SPS program, this element is depicted as a chemi- 
cal rocket stage, manned or remotely operated. 
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* 60 MAN CREW MODULE 

18,000 KG 

• SJNGLE STAGE OTV 

36,000 KG 

(GEO REFUECinG) 


• BOTH ELEMENTS CAPABLE OF GROWTH STS LAUNCH 


Figure 4.3-5. POTV Configuration 
4.3.3 TRANSPORTATION SYSTEM SCENARIO 

As previously stated, the SPS will require a dedicated transportation sys- 
tem. In addition, because of the high launch rates and certain environmental 
considerations, it appears that a dedicated launch facility may also be required 
for SPS HLLV launches. Transportation system LEO operations are depicted in 
Figure 4.3-6. The SPS HLLV deli’^ers cargo and propellants to LEO, which are 
transferred to a dedicated electric OTV (EOTV) by means of an intra-orbit 
transfer vehicle (lOTV) for subsequent transfer to GEO. 



4-21 




Space Shuttle transportation system derivatives (heavier payload capabil- 
ity) are employed for crew transfer from earth to LEO. The Shuttle-derived 
HLLV is employed early in the program for space base and precursor satellite 
construction and delivery of personnel orbit transfer vehicle (POTV) propel- 
lants. These elements of the transportation system are phased out of the 
program with initiation of first satellite construction, or sooner. 

Transportation system GEO operations are depicted in Figure 4.3-7. Upon 
arrival at GEO, the SPS construction cargo is transferred from the EOTV to the 
SPS construction base by lOTV. The POTV with crew module docks to the con- 
struction base to effect crew transfer and POTV refueling for return flight to 
LEO. Crew consumables and resupply propellants are transported to GEO by the 
EOTV. 



Figure 4,3-7. SPS GEO Transportation Operations 

Transportation system requirements are dominated by the vast quantity of 
materials to be transported to LEO and GEO, Tables 4.3-1, 4.3-2, and 4,3-3 
summarize the mass delivery requirements and numbers of vehicle flights for 
the reference satellite and transportation elements. All mass figures include 
a 10% packaging factor. Table 4.3-1 summarizes transportation requirements 


Table 4.3-1. GaAs Reference SPS Concept — 
Pilot Plant Transportation Requirements 




— 

VEHICLE 

FLIGHTS 



NASS' 10* kg 

STS 

fPLV) 

STS 

(cargo) 

STS-GROVTH 

(PIV) 

STS-HLLV 

(CARGO) 

PKCCURSOR 

2.0J9 

6 

79 

• 

— 

LEO BASE 

5 MODULES 

- 

- 

- 


SCB 

5.300 

- 

- 

72 


PROPELLANT 

0.86k 

- 


- 

HH 

TOTAL 


6 

113 

72 

83 
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for construction of the pilot plant satellite. Table 4.3-2 is a summary of 
requirements for first satellite construction. Table 4.3-3 defines the trans- 
portation requirements during the construction phase (i.e., the first 30 years). 
The average annual mass to LEO during this phase is in excess of 100 million 
kilograms with more than 400 HLLV launches per year. 


Table 4.3-2. GaAs Reference SPS Concept — 
TFU Transportation Requirements 



HASS 

lo‘ Lq 



VEHICLE 

FLIGHTS 






PLV 




IS 




LEO 

CEO 

(HLLV) 

HLLV 

POTV 

EOTV 

LEO 

GCO 

SATELLITE CONSTN. t HAINT. 

3*'.8 

S'*. 8 

B 

153.3 

l|0 

5.1 

215 

153 

CHEW CONSUMABLES 

'.5 

0. 1 

B 

6.6 


- 

7 

- 

POTV PROPELLANTS 

2-9 

1 .A 

B 

12.7 


B 

13 

6 

COTV CONSTRUCTION L MAI NT. 

7.5 

* 

B 

32.8 


B 

33 

- 

EOTV PROPELLANTS 

B 

- 

B 

33.5 


B 

31* 

- 

loTv propellants 

B 

0. I 

B 

0.6 



1 

1 

SCB TO CEO 

B 

- 

B 

- 



- 

- 

TOTAL 

S'*. 5 

36. 

5 

2L0 

ItO 

8 

303 

160 

FLEET 

“ 

- 

- 

5 

L 

6 

2 

2 


Table 4.3-3. GaAs Reference SPS Concept — 
Total Transportation Requirements, 60-Year Program 
(54 Satellites) 



MASS • 

C 

0 

WIHICLC mCHTS 




PLV 




lOTV 


LEO 

CFO 

(NUV) 

HLLV 

POTV 

EOTV 

LEO 

CEO 

satellite 










CONSTRUCT 1 ON 

2087.7 

2087 . 7 

1 1 1 

9.197 

1220 

306 . 1 * 

10.7111 


9.197 

OPS L HAINT, 

Ii92.2 

‘*32.2 

3*1 

2,168 

32li 

72.7 

2.560 


2.168 

CREW consumables 










CONSTRUCTION 

29.9 

28.7 


132 


< 1.2 

132 


126 

OPS L MAINT. 

9.2 

7.6 


III 


1 . 1 

Rl 


39 

POTV PROPILLAHTS 










CONSTRUCTION 

87.9 

LL.O 


387 


6.5 

3'’ 


199 

OPS t MAINT. 

23.3 

11.7 


103 


1.7 

103 


52 

EOTV CONSTRUCTION 










CONSTRUCT ION 

19.9 

12 . 


68 


1.8 

88 


55 

OPS t MAINT. 

5.0 

5.0 


22 


0.7 

22 


22 

EOTV PROPELLANTS 










CONSTRUCT 1 ON 

306.0 

1.9 


1 . 3118 


Bu 

1.398 


8 

OPS t MAINT. 

73.0 

0.8 


322 



322 


U 

lOTV PROPELLANTS 






bb 




CONSTRUCTION 

7.11 

3.2 


33 



33 


lA 

OPS MAINT . 

1.8 

0.8 


8 


BH 

6 


3 

SUMMART 










CONSTRUCT \0H 

2538.8 

2177.9 

1 1 1 

11 . 18 s 

1220 

320 

12.729 


9.599 

or^ £. HAINT . 

604.5 

518.1 

3'* 

2.661* 

32R 

76 

3.056 


2.283 

total 

3 M. 3 . 3 

2696 0 

ILb 

1 3.61*9 

191 * 1 * 

396 

15.785 

11.877 1 

viHicii Fleet 










CONS JRUCT ION 

* 



38 

12 


112 


ors L HAiNT 





3 


2 

7 


lOTAl 


IBB^ 

BBM 

i|/ 

15 

70 

139 J 













































































4.4 SPS PROGRAM COSTS 


4.4.1 INTRODUCTION 

Five SPS concepts were costed during the Exhibit D contract activity. 
These configurations fall into two basic categories or "families" as shown 
in Figure 4.4-1. The three-trough/planar concepts have varying masses aver- 
aging -32.7x10® kg (with growth) versus 18.5x10® kg (with growth) for the 
reflector/sandwich concepts; however, there is a variable power output at the 
utility interface for each of these satellites. The objective of this section 
is to present cost estimates for all of these concepts, and to make a compar- 
ative analysis of various systems/subsystems along with a discussion of end- 
to-end cost data generated during the study. 

4.4.2 COSTING GUIDELINES AND GROUND RULES 

System and subsystem definitions were developed during the study and 
expanded by in-depth analyses to provide detailed technical characteristics 
and design parameters for use in cost-estimating relationships and "grass 
roots" analyses. The SPS work breakdown structure is organized as shown in 
Table 4.4-1, and 300 line items have comprised each concept defined. Calcu- 
lations in each line item were made to provide costs for DDTi<E, theoretical 
first unit (TFU), SPS investment per satellite, and operational phases. 

Common guidelines and ground rules became the basis for uniform develop- 
ment of SPS costs. These ground rules were established at the outset of the 
program development activity and included a management and integration factor 
of 5% and a 15% cost contingency that alli;)ws for a 25% growth in the mass of 
space-related elements. Costing guidelines and ground rules are summarized 
as follows: 

• SPS option to provide 300-GW capability at the utility 
interface 

• Overall SPS lifetime of 30 years with minimum maintenance 

• Key dates for program planning 

1981-1986 - Research and technology 

1981-1887 - Key technology program activities 

1990 - SPS commercialization 

2000 - SPS initial operational capability 

• 25% mass contingency — 15% cost contingency 

• Management and integration costs at 5% 

• Costs to be in 1979 dollars 

• Add construction operations (RCI/O&M) to CIPS 
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H«o • 31.63 m 10* kg 

Fowsr at UUlltj l/F - 5.00 GW 

Specific Maas “ 6.33 kg/kW 

SPS CR-2 REFERENCE CONE J Cl) RAT ION 
(3-TROUaH/PLANAR/KLYSTRON) 



No. Bays “ 30 

Mass “• 26.7x10* kg 

Power at Utility l/F - 5.6 CW 

Specific Haas “ ^.77 kg/kW 

SI'S CR-2 MACNETRON CONFIGURATION 
( i-TROUGU/ PLANAR) 



No. Panels • 72 
- Solar Array Power Canarated 
- 11.46 CW 

Power at Utility ■ 5.22 CW 
Sp. Maas •• 7.66 kg/kW^(^]^ 

SPS CR-2 SOLID-STATE CONFIGUR- 
ATION ( 3-TROUGU/PLANAR/DUAL 
END- MOUNTED ANTENNA) 




/O 

GaAa Solar Panels 
Effectlva CR - 5.2 

Specific Haas “ 

B.48 kg/kU Util. I/F 

Power at Utility Interface 
1.21 GW per antenna 
(2.42 CU total) 

Haaa with Growth (dry) “ 
20.53X10* kg 



V 

SOLID-STATE GaAs SANDWICH CR-'y CONFIGURATION 
(DU A L REFLECTORS/ANTENNAS ) 



HSG Solar Fanela 
Effectlva CR - 5.2 4 

Specific Hass “ 

5.35 kg/kW Util, I/P \ 

X 

Power at Utility Interface ■* 

1.33 CW per antenna 
(3.06 CW total) 

Haas with Growth (dry) « 

16.39xl0‘ kg 

SOLID-STATE GaAlAs MBG SANDWICH CR-5 CONFIGURATION 
(DUAL REFLECTORS/ANTENNAS ) 


rigiirt' 4.4-1. Uot'kwL!ll SI'S Com'rpLs — 1980 


Table 4.4-1. SPS Work Breakdown Structure 




PROGRAM 

PHASE 1 

HARDWARE AND ACTIVITIES 

DDTiE 

THEORETICAL 
FIRST SPS 

SPS INVEST- 
MENT PER 
SATELLITE 

OPERATIONS 

1.0 SATELLITE POWER SYSTEM 





1.1 SATELLITE 





1 . 1 . 1 

ENERGY CONVERSION 





1.1.2 

POWER TRANSMISSION 





1.1.3 

INFORMATION MANAGEMENT i CONTROL 





1.1.4 

ATTITUDE CONTROL AND STATICNKEEPING 





1.1.5 

COMMUNICATIONS 





1 . i .6 

INTERFACE (ENERGY CONVERSION/ 






POWER TRANSMISSION) 





1.1.7 

SYSTEMS TEST 





1 . 1 .8 

GSE 





1.1.9 

PILOT PLANT 





1.2 SPACE CONSTRUCTION AND SUPPORT 





1.2.1 

CONSTRUCTION FACILITIES 





1 .2.2 

LOGISTICS SUPPORT FACILITIES 





1 .2.5 

04M SUPPORT FACILITIES 





1.3 TRANSPORTATION 





1.3.1 

SPS VTO/HL HLLV 





1.3.2 

COTV 





1 .3.3 

STS PLV 





1 .3.4 

POTV 





1.3.5 

PM 





1.3.6 

lOTV 





1.5.7 

GROUND SUPPORT FACILITIES 





1.4 GROUND RECEIVING STATION 





1,4.1 

SITE AND FACILITIES 





1.4.2 

RECTENNA SUPPORT STRUCTURE 





1,4.3 

POWER COLLECTION 





1.4.4 

CONTROL 





1 .4.5 

GRID INTERFACE 





1 .4.6 

OPERATIONS 





1 .5 

MANAGEMENT AND INTEGRATION 






4.4.3 SPS COST RELATIONSHIPS 

Summarized SPS costs are shown in Figure 4.4-2 for the Rockwell reference 
SPS planar/klys cron concepc. This figure illustrates the level of costs expected 
for major elements of the program as it progresses from DDT&E through fully oper- 
ational phases. 

The front-end DDT&E estimate of $33.6 billion consists of one-time costs 
associated with designing, developing, testing, and evaluation of components, 
subsystems, and systems required for the SPS program. It includes the develop- 
ment engineering testing and support necessary to translate a performance speci- 
fication into a design. This covers technology advancement/verif ication and 
ground-based exploratory development plus program plan definitions, detail 
drawings for system hardware fabrication, system integration, and required space 
and ground tests along with needed ground support systems . 
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MGMT 6 INTEG. 




CONSTR. 6 SUPPORT, 3^ 
MGMT 6 INTEG. , k% 
MASS CONTINGENCY 


SAT. INVESTMENT/ 
CONSTR. OPS. 



POST- IOC 

MGMT 6 INTEG. - RCI/O&M 
MASS CONTINGENCY 



$15. OB 


$0.145B/SAT/YR 


Figure 4.4-2. Rockwell Reference Planar/Klystron Concept 

(1980 Exhibit D) 


Over 85% of DDT&E costs fall within the areas of space transportation, 
space construction and support, and the satellite, where the SPS VTO/HL HLLV 
accounts for over three quarters of the transportation DDT&E cost. The space 
construction DDT£<E projection is about equally distributed over facilities and 
equipment of the space construction base (bCB) and LEO base. System ground 
test hardware/operations represent some 60'' of the satellite DDT.SE cost esti- 
mate. 


The $15.0 billion average investment cost for an SPS covers a single 
satellite and rectenna, plus a prorated share of the transportation, space 
construction, and supporting system costs. Design and cost-effectiveness 
studies of satellite systems (power transmission subarrays, power distribution 
and control, and secondary structures) have resulted in generallv lower costs 
and less mass to orbit. Transportation optimized studies on the use of space 
vehicles and the need for lower transfer of mass to orbit during satellite 
construction have reduced overall costs. However, some impact was created on 
investment costs by the ground rule to now include cost estimates of fleet and 
construction equipment replacement/maintenance . These costs have always been 
considered, but were previously included within an operational cost category. 
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Another comparison is shown in Figure 4.4-3, where DDT&E and theoretical 
first-unit (TFU) cost estimates were combined to illustrate significant elements 
of cost associated with the first SPS. It should be noted that space transporta- 
tion system and ground facilities are double those of the satellite system or 
the space construction/support elements. 


• GRS SITE 

• RECTENNA SUPPORT STR. 

• POWER COLLECTION 

• GRID INTERFACE 


ENERGY CONVERSION 
POWER TRANSMISSION 
INTERFACE 
IMS-ACS 

SPS PILOT PLANT 
SYS. TEST/GSE 



•SCB 

• LEO BASE 
• O&M BASE 


$87.2 BILLION INCLUDES: 

•TECHNOLOGY ADVANCEMENT 

•DDTSE 

•FABRICATION 

•ASSEMBLY 

•TEST AND EVALUATION 
•OPERATIONAL ACCEPTANCE 


•SPS VTO/HL HLLV 

• STS & OPERATIONS 

• EOTV 

• POTV/PM 
•lOTV 

•TRANSPORTATION 
OPERATIONS 
•GROUND SUPPORT 
FACILITIES 


Figure 4.4-3. Total Cost of the First Operational SPS 

Costs of the first SPS not only include the cost of technology advance- 
ment and DDT&E plus the system hardware and facilities, they also include the 
cost of all systems and components needed to construct, test, and verify the 
first SPS. This covers the cost of (1) a transpor tation system that will have 
a lifetime capability of building more than one satellite, (2) a space construc- 
tion equipment/base designed to service an entire SPS option, (3) ground con- 
struction equipment to build many rectenna receiving stations, and (4) the 
factories and equipment for further system development. 

Three cost categories comprise the SPS program. Table 4.4-2 on the Rockwell 
SPS reference concept identifies the investment per satellite and the average 
costs of replacement capital/maintenance (RCI/O&M) during the construction per- 
iod. Space transportation is the main item of construction RCI/0.iM and is 
nearly the same as the transportation investment cost per SPS. This same equiv- 
alency can be noted for the space construction element. 

4.4.4 SPS CONCEPT COMPARISONS 


Summarized cost estimates for five of the SPS concepts studied during the 
past year are grouped by concept within each of the SPS program phases (see 
Table 4.4-3). This comparison indicates that projected levels of expenditure 
for DDT&E, the first unit, and the average investment per SPS favor the magne- 
tron concept of the planar family. These differences are negligible for the 
reflector/sandwich design, but lean toward the GaAs concept from an investment 
standpoint . 
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Table 4.4-2. Rockwell SPS Reference Concept (1980) 


1979 DOLLARS (BILLIONS) 


COST CATEGORY 

TOTAL 

SATELLITE 

SPACE 

CDNSTR. 

SPACE 

TRAriSP. 

GROUND 

STATION 

MGHT. S 
INTEGR. 


DDTSE 

33.6 

7.8 

8.6 

13.1 

0.1 

1.5 

2.5 

INVESTMENT PER 
SATELLITE 

12.7 

5.0 

0.2 

2.0 

4.2 

0.5 

0.8 

CONSTRUCTION 

RCI/08M 

2.3 

- 

0.2 

1.9 

0.05 

0.1 

0.05 

TOTAL 

15.0 

5.0 

0.4 

3.9 

4.25 

0.6 

0.85 

SPS OPERATIONS 
RCI/O&M 

0.145 

0.034 

0.031 

0.032 

0.032 

0.006 

0.010 

(S/SAT/YR) 









Table 4.4-3. SPS Concept Comparisons 





1979 dollars (BILLIONS) 



SPS CONCEPT 

SPS 

OPTION 

QUAN. 

dot&e 

TFU 

investment 

PER 

satellite 

CONSTRUCTION 
OPERATIONS 
(RCI /O&M) 

POST-IOC 

OPERATIONS 

(S/SAT/YR) 

installation 

COST 

S/ku 

REFERENCE UPDATE GaAs 
PLANAR/KLTSTRON 

(5.00 

60 

23.6 

53-6 

12.7 


0.14 

S30C0 

THREE-TROUGH GaAs 

planar-magnetron 

(5.60 

54 

31.7 

52.0 

11.8 

<d 

8^1 

0.13 

S2500 

three-trough GaAs 
PLANAR-SOLID STATE 
(5.22 

58 

35.0 

56.0 

15.0 

<d 

2.8 

0.14 

S3A00 

DUAL REFLECTORS 
GaAs-SANDWlCH 
(2.42 

125 

32.7 

57.3 

7.4 

s 

1.5 

0.08 

S3680 

DUAL REFLECTORS 
MBG-SANDWlCH 
(3.06 

98 

32.8 

55.7 

7.8 

1.3 

0.08 

S2975 
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As basic total system costs are less meaningful within themselves, a com- 
parison of SPS power levels at the utility interface against capital investment 
cost can provide a normalizing relationship. The bar chart in Figure 4.4-4 
identifies $/kW installation costs and compares the $2500/kW for a magnetron 
concept with the nearly $3000/kW for the sandwich configuration. The upper- 
most part of the bars highlight that portion of the costs for replacement 
capital and operations/maintenance during the construction (or pre-IOC) period 
of the SPS program. In all cases, the majority of these costs are attributable 
to the transportation system. 



Figure 4.4-4. Installation Cost Comparisons 

Prior analyses have indicated several advantages of the magnetron concept 
as to installation cost and projected mills per kilowatt-hour at the utility 
interface. On this basis, and to obtain more insight as to the areas of high 
cost, the SPS planar magnetron configuration was analyzed at s2-'3tem levels to 
identify high-cost items (potential cost drivers). About 90% of the SPS dollar 
value in each phase of the program is acknowledge in the matrix of Table 4.4-4. 
Close review shows that certain program elements are consistently significant 
in each phase. This suggests the importance of careful study /analyses for 
optimum definition, development, and fabrication throughout the program. Among 
the more prominent items are solar blankets, power transmission subarrays, space 
construction facilities, SPS VTO/HL HLLV, rectenna support structure, and power 
collection systems. 
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Table 4.A-A. Potential Cost Drivers — Magnetron Concept 


MAJOR PROGRAM 
ELEMENT 

DDT&E 

TFU 

1 AVG. INVEST/ SAT 

posT-RCi /om 

$31 .68D 

i $52.00B 

$14.05B 

$0. 127B/SAT-YR 

PERCENTAGE OF TOTAL 

96% 

94% 

87% 

95% 


18% 

13% 

19% 

8% 

SATELLITE SYSTEM 
(1.1) 

• GROUND SYSTEM TEST 

EQUIPMENT 8i OPNS 

• ANT. MAI NT. EQUIPMENT 

• PILOT PLANT 

. PILOT PLANT 

• SOLAR BLANKETS 

• MAGNETRON SUBARRAYS 

• SOLAR BLANKETS 

• MAGNETRON SUBARRAYS 

•PWR. DISTR. 8c COND. 
•SOLAR BLANKETS 


27% 

18% 

3% 

24% 

SPACE CONSTRUCTION 
AND SUPPORT 
(1.2) 

• SPACE CONSTRUCTION 

BASE 

• LEO BASE 

• SPACE CONSTRUCTION 

BASE 

• O&M FACILITIES 

• SPACE CONSTRUCTION 
BASE 

• 08cM SUPPORT 


40% 

44% 

24% 

£6% 

TRANSPORTATION/ 
GROUND FACILITIES 

( 1 . :i ) 

• SPS VTO/HL HLLV 

• GROUND FACILITIES 

• PERSONNEL LAUNCH 

VEHICLE 

■ SPS VTO/HL HLLV 

• COTV (ELECTRIC) 

• GROUND FACILITIES 

• STS 

• SPS VTO/HL HLLV 

• COTV (ELECTRIC) 

•SPS VTO/HL HLLV 
•GROUND FACILITIES 
•COTV (ELECTRIC) 



9% 

32% 

27% 

GROUND RECEIVING 
STATION 
(1.4) 


• RECTENNA SUPPORT 

STRUCTURE 

• POWER COLLECTION 

• RECTENNA SUPPORT 

STRUCTURE 

• POWER COLLECTION 

•GRS OPERATIONS 


1 1% 

10% 

9% 

10% 

MANAGEMENT/ I NTEGRA- 
AND MASS 
CONTINGENCY 

• MANAGEMENT AND 

INTEGRATION 

• MASS CONTINGENCY 

• MANAGEMENT AND 

INTEGRATION 

• MASS CONTINGENCY 

• MANAGEMENT AND 

INTEGRATION 

• MASS CONTINGENCY 

•MANAGEMENT AND 
INTEGRATION 
•MASS CONTINGENCY 

(1.5, 1.6) 





































4.4.5 SPS COMPARATIVE INVESTMENT ASSESSMENT 


Comparative analysis based on the systems definition of a Rockwell SPS 
planar/magnetron concept offers potentially the lowest installation cost in 
$/kW and mills/kW-hr at the utility interface. RCI/O&M costs before the satel- 
lite's IOC are an important part of the overall investment obligation and appear 
to now make the transportation system a more dominant SPS investment cost ele- 
ment . 

During this contracted study, methods of operational and maintenance sup- 
port to the satellite were defined and evaluated to determine a cost-effective 
approach of servicing the satellite during its lifetime. A concept of central- 
ized O&M facilities, using mobile maintenance bases to reach the satellites as 
required, appears as a viable method of satisfying O&M requirements. This 
approach was defined and used in arriving at costs for all concepts. 
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5.0 SUPPORTING RESEARCH AND TECHNOLOGY REPORTS 


Critical technology areas have been identified for most of the subsystems 
and disciplines within the scope of activities covering the SPS program. Sup- 
porting research and technology (SRT) planning packages of early analysis/ 
experimental research and development tasks all have a focus on the R&D 
period, 1981-1986. 

The next sections of this report contain descriptions of tasks, schedule 
phasing, and cost projections associated with each R&D technology area — 
solar conversion, electric power distribution processing and power management, 
power transmission and reception, structures/controls and materials, space 
operations, and space transportation. Establishment of firm designs, perform- 
ance levels, development requirements, cost/efficiency trades, and system 
environmental acceptability all depend on early verification of achievable 
characteristics for the confirmation of projected costs. 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 
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System Analysis and Planning 

The objective of this project is to define the necessary analyses, ground 
tests, and space flight projects that would be conducted during SPS tech- 
nology development and verification phases, and to then determine resources 
and sequences required for SPS implementation as it progresses toward oper- 
ational capabi 1 i ty . 


5 - 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


TASK TITLE; TECHNOLOGY IMPACTS ON SYSTEM DESIGN 


TECH NOLOGY REQUIREMENTS 

The objective of this system engineering project is to coordinate and 
establish subsystem test requirements, maintain cognizance over technology 
investigations, analyze, evaluate, and incorporate technology program results 
as appropriate. This activity will provide essential functions such as 
translating technology improvements and/or test and analysis results into 
system-level considerations of cost, performance, and natural resource 
requi rements . 

TECHNICAL APPROACH 


Appropriate contacts with cognizant government and industry personnel will 
be established to periodically eva 1 uate/rev i se subsystem/component charac- 
teristics as indicated by test and/or analytical results of the technology 
projects. In support of the reference system project, revised subsystem/ 
component performance, mass, cost, and material resource requirements will 
be produced. 




SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 

TASK TITLE: ENVIRONMENTAL, SOCIETAL, AND COMPARATIVE ASSESSMENT IMPACTS 
QN_ SYSTEM DESIGN ... . . . 


TECHNOLOGY REQUIREMENTS 

The objective of this project is to maintain cognizance of SPS environmental/ 
societal, and comparative assessment projects conducted by the DOE; and 
periodically determine and evaluate the impact of findings on SPS perform^ 
ance and cost characteristics; and suggest the investigation of mitigating 
design or operational approaches where necessary. 

TECHNICAL APPROACH 

Appropriate contacts will be established with cognizant government, indus- 
trial and/or academic personnel to obtain first-hand test and/or analytical 
information having an effect on engineering aspects of SPS performance, 
cost, or social acceptance. Tasks include consideration of; 

• Societal Impact . Monitor effect on studies of resources, institutional 
involvement, international relationship, and social aspects for system 
implications. 

• Environmental Impacts . Conduct interfaces with responsible organi- 
zations to maintain cognizance over system implications resulting from 
such items as microwave effects and radiation. 

• Comparative Assessment Impacts . Maintain cognizance over DOE projects 
on the assessment of SPS performance, cost, and schedule parameters. 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


TASK TITLE: SYSTEM ANALYSIS AND PLANNING 


TECHNOLOGY REQUIREMENTS 

The objective of this project Is to define necessary analyses, ground tests, 
and space flight projects that would be conducted during SPS technology 
development and verification phases and to then determine resources and 
sequences required for SPS implementation as it progresses toward opera- 
tional capability. 

TECHNICAL APPROACH 

The initial task in this project is to develop preliminary test and verifi- 
cation requirements based on interim results and reports from the reference 
system update/ref i nement , technology investigations, and DOE assessment 
projects. Conceptual (Phase A) definition studies will then be conducted to 
parametr i ca 1 1 y determine cost-effective test projects. Following review and 
DOE/NASA concurrence, selected projects will be defined in more detail and 
a technology development and verification program plan will be completed. 
Subsequent actions will be taken to define future program phases. Subtasks 
i nclude : 

. Test Requirements . Define requirements to validate system concepts 
and the integration of two or more systems. This includes ground and 
space tests for individual system combinations as well as that of the 
integrated proof-of-concept test verification activity. 

- Definition of Projects . Maintain orderly completion of Phase A and' 

Phase B studies of SPS reference/preferred concepts. 

• Program Planning and Analysis . Prepare program plans and development 
sequences for the evolutionary transition from research and technology 
development to Phase C/D SPS commercialization. 
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SPS SUPPORTING RESEARCH £ TECHNOLOGY TASK PLAN 




MILESTONE SCHEDULE 

om 

SYSTEM INTEGRATION 



ALTERNATE CONCEPT ASSESSMENT 


TECHNOLOGY IMPACTS ON SYSTEM DESIGN 


ENViRONMENTAirSOCIETAL, "AND COMPARATIVE 
IMPACTS ON SYSTEM DESIGN 


SYSTEM ANALYSIS AND PLANNING 


TASK TITLE: 


SYSTEM DEFINITION 
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Accelerated, 30 Vear Lifetime Testing . Under this program the stability of 
components such as solar cell and reflector to assure a 30 year life will be 
established by simulating the geosynchronous orbit radiation intensities. 
Computer simulations will be used to provide modeling and analytical tech- 
niques, Technology will be defined and developed to harden against radiation 
degradat i on . 

Manufacturing Processes Analysis and Cost Evaluation. The objective of this 
program is to perform an indepth evaluation of solar cell mass production 
manufacturing method, and to select and demonstrate an appropriate production 
method in keeping widh SPS objectives of $67/m^ for the blanket array and 
$2.5/fn^ for the reflectors. 

Mu 1 1 1 -Bandqap Thin Film Solar Cell Development . Thin film mul t i -bandgap 
technology offers the promise of 35^ AMO cell efficiency and this program 
is designed to establish a procedure by which they will be developed. Model- 
ing techniques will be applied for predicting the performance of, and select- 
ing cells. The tolerance of the cell efficiencies to low and high thermal 
radiation, annealing methods and background radiation will be established. 

Alternate Advanced Concept Evaluation . Recent development of a low efficiency 
very inexpensive amorphous silicon solar cell has occurred. The cell is 
also sensitive to thermal and nuclear radiation. Alternative methods 
such as spectrum splitting and higher concentrac Ion will be investigated 
to assure cognizance over potential technical breakthroughs in the develop- 
ment period and recognition of their Impact on SPS design- 
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Accelerated, 30 Year Lifetime Testing , Under this program the stability of 
components such as solar cell and reflector to assure a 30 year life will be 
established by simulating the geosynchronous orbit radiation intensities. 
Computer simulations will be used to provide modeling and analytical tech- 
niques. Technology will be defined and developed to harden against radiation 
degradation. 

Manufacturing Processes Analysis and Cost Evaluation , The objective of this 
program is to perform an indepth evaluation of solar cell mass production 
manufacturing method, and to select and demonstrate an appropriate production 
method in keeping widh SPS objectives of $67/m^ for the blanket array and 
$2,5/m^ for the reflectors. 

Mul t i -Bandqap Thin Film Solar Cell Development . Thin film mul t i -bandgap 
technology offers the promise of 35^ AMO cell efficiency and this program 
is designed to establish a procedure by which they will be developed. Model- 
ing techniques will be applied for predicting the performance of, and select- 
ing cells. The tolerance of the cell efficiencies to low and high thermal 
radiation, annealing methods and background radiation will be establ i sf^ed . 


Alternate Advanced Concept Evaluation . Recent development of a low efficiency 
very inexpensive amorphous silicon solar cell has occurred. The cell is 
also sensitive to thermal and nuclear radiation. Alternative methods 
such as spectrum splitting and higher concentration will be investigated 
to assure cognizance over potential technical breakthroughs in the GBED 
period and recognition of their impact on SPS design. 
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SUBSTRATE MATERIAL 

• 

CELL 

• OPTICAL CONCEN- 

• 

SWITCH GEAR 

* MULTI-BANDGAP 

ACTIVE REGION 


INTERCONNECTS 

TRATORS 

• 

POWER DISTRIB. 

• SPECTRUM 

WINDOW 

• 

ENCAPSULANT 

• BLANKET 


CONDUCTORS 

SPLITTING 

COATINGS 

CONTACTS 


(COVER) 

• INTERCONNECT 

• 

CONTROLS 

• HIGHER 

• 

BLANKET SUPPORT 
ELEMENT 

WIRING BUS 
• STRUCTURE 

• 

• 

STRUCTURE 

PACKAGING 

CONCENTRATION 

RATIO 


• 

FILTER 


• 

DEPLOYMENT 



• 

ADHESIVES 


• 

LAUNCH 



• 

THERMAL CONTROL 


• 

ORIENTATION 



• MANEUVERS 


SPS SOLAR PHOTOVOLTAIC ENERGY CONVERSION TECHNOLOGY 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


MILESTONE SCHEDULE FY — 

GaAs SOLAR CELL RESEARCH AND DEVELOPMENT 


GaAs SOLAR CELL QUALIFICATION PROGRAM 


SOLAR CELL DEMONSTRATION PROGRAM 


ACCELERATED SOLAR CELL TESTS 


MANUFACTURING PROCESSES AND COST 
EVALUATION 


MULTl-BANDGAP THIN FILM SOLAR CELL 
DEVELOPMENT 



ALTERNATIVE ADVANCED CONCEPT EVALUATION 


TASK TITLE: SPS SOLAR CONVERSION TECHNOLOGY 


















SPS SUPPORTING RESEARCH 6c TECHNOLOGY TASK PLAN 


TASK TITLE: 50 LAR CELL RESEARCH AND DEVELOPMENT 


TECHNOLOGY REQUIREMENTS 

A solar power satellite capable of delivering 5 GW of power to the utility 
on the ground will require an array output of approximately 9,76 GW at the 
end of life. Utilizing the GaAs type cell will result in a solar blanket 
area of approximately 30.6 km^ which is considerably less area than if Si 
type cells were used. The GaAs cell offers the potential of high efficiency, 
low weight, reduced deployment area, high efficiency at elevated operating 
temperatures which permits concentrators to be used for obtaining concentra- 
tion ratios up to 5 to 7, and the GaAs cell is more resistant to the space 
radiation environment compared to Si cells. 


STATE OF THE ART 

GaAs solar cells have been fabricated through LPE growth processes to 200- 
300 ym cell thickness, and at AMO solar cell efficiency of over 18% have 
been measured in the laboratory. These cells do have better temperature 
coefficient, radiation hardening and higher cell efficiencies than silicon 
cel 1 s. 


TECHNICAL OBJECTIVES 


The objective of this effort are: 

• Demonstrate and develop the technology for fabricating 16^ efficiency thin- 
film (^10 ym thick) GaAs solar cells on suitable substrate in 1983 and 
efficiency cells in I 986 . 

• Develop and apply rigorous analytical modeling techniques for predicting 
the performance of GaAs thin film cells. 

• Conduct basic research to understand radiation damage and annealing 
effects of various GaAs solar cell configurations and feasibility of 
low- temperature annealing to remove radiation damage. 

• Develop and improve feedstock materials for cell fabrication processes 
(such as ribbon growth) and cell structures. 

• Design preliminary manufacturing processes, equipment, and physical plant 
requirements for eventual SPS cell production. 
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TECHNICAL APPROACH 

• Investigate and develop high efficiency thin film GaAs solar cell 
structures based on MO-CVD or other suitable mass production fabri- 
cation methods. 

• Model, design, and performance analyze thin-film GaAs cells. Demonstrate 
18^ efficiency (AMO), ^ 10t<m thick, ^ 10 cm^, inexpensive substrate 
capable of meeting SPS cost and weight goals [16% (AMO) within 2 years]. 
Develop suitable contacts that use non-noble metals and are weldable. 
Develop lab-type pilot line production for life testing. 

• Conduct basic research and determine thin film GaAs solar cell radiation 
damage and annealing properties. 

• Develop and Improve (feedstock) materials with required properties, reduce 
costs and high volume production potential. 

• Perform paper design and projection of manufacturing processes (strawman 
process sequence), production equipment, and physical plant requirements 
for large-scale manufacture of GaAs thin film cells for SPS. Evaluate 
barriers to production within SPS cost goals. 
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SPS 

SUPPORTING RESEARCH & TECHNOLOGY TASK 

PLAN 1 


MILESTONE SCHEDULE 

FY 


ANALYZE AND EVALUATE CELL STRUCTURES 



2. 

DEVELOP COMPLETE CELL DESIGN AND 
PERFORMANCE ANALYSIS 



3 . 

FABRICATE CELLS OF SPACE TYPE QUALITY 


4 . 

PERFORM TESTS AND EVALUATIONS 
(INCLUDE RADIATION TEST) 



5 . 

DEVELOP IMPROVED MATERIALS 



6 . 

DESIGN MFG. PROCESSES FOR LARGE SCALE 


TASK TITLE; GaAs SOLAR CELL RESEARCH AND DEVELOPMENT 














SPS SUPPORTING RESEARCH 6c TECHNOLOGY TASK PLAN 
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SPS SUPPORTING RESEARCH £ TECHNOLOGY TASK PLAN 




MILESTONE SCHEDULE 

FY 

D 

DETERMINE THE EXPERIMENTS 6 EQUIPMENTS 


2. 

DESIGN £ FABRICATE BASIC COMPONENTS FOR 
TESTS EXPERIMENT ^ 


3. 

CONDUCT SOLAR CELL QUALIFICATION TESTS £ 
EVALUATE RESULTS 


B 

RECOMMENDATION £ MODIFICATION 



5, DEFINE ON ORBIT TEST PROGRAM 


6. FLIGHT TEST 












SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 

TASK TITLE: SOLAR ARRAY DEMONSTRATION PROGRAM 


TECHNOLOGY REQUIREMENT 

A 5 gigawatts GaAs satellite power systems (SPS) requires the solar array 
platform dimensions 4,2xl6 km and satellite mass ^9* Also high 

voltage (~A5.7 kV) solar arrays will be required to obtain a practical SPS 
design. Gigawatts power system and high voltage analytical design data for 
solar arrays are non-existent for space application, A comparable solar 
array demonstration program is required in order to obtain the basic 
technology data for use in the design and sizing studies for the SPS. 


STATE OF THE ART 

SEPS, PEP and PS type multi-kW solar array utilizing the conventional 
silicon solar cells with 100-200 volts panel voltage output has been 
demonstrated on the ground. 


TECHNICAL OBJECTIVES 

• Demonstrate GaAs solar cells with CR=2 can achieve power output 280 W/m^ 
and panel mass 0.315 kg/m^ which is 80% of the SPS goal. 

• Demonstrate at least 1000 V dc strings panel voltage output and examine 
high voltage plasma interactions 

• Demonstrate solar array capable of surviving annealing temperature. 

• Demonstrate by cost studies that solar array cost capable of meeting SPS 
cost goals of $67/m^ for blanket and $2.5/m^ for reflector. 


TECHNICAL APPROACH 


• Examine high solar cell string voltage impacting on plasma interactions. 

• Examine the status of art of the power conversion distribution technology, 

• Design the CR=2, SPS GaAs solar array with proper annealing temperature 
to meet 80% of SPS power requirement and mass goal. 

• Perform blanket integration — development of encapsu lat ion techniques, 
interconnects and submodule bus designs, bonding, and integrated techniques 
for production of submodules. 

• Do a system-level re-evaluation of concentration ratio to achieve more 
optimistic perspective for SPS. 

• Perform dynamic analysis of the array. Conduct launch vehicle integration 


5-21 






SPS 

SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN | 


MILESTONE SCHEDULE 

QS 

U 

PERFORM ANALYSIS 



2. 

DESIGN S FABRICATE COMPONENTS FOR TEST 


3. 

SOLVE ALL TECHNICAL 6 HARDWARE PROBLEMS 


H 

CONDUCT SOLAR ARRAY DEMONSTRATION 
(INCLUDE REFLECTORS) 



5. 

UPDATE & COMPARE COMPUTER MODEL SIMULATION 
WITH TEST RFSIJITS 


6. 

DETERMINE TECHNOLOGY IMPROVEMENTS FOR SOLAR 
ARRAY DESIGN 












SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN | 


MILESTONE SCHEDULE 

FY — - 

1. PERFORM ANALYSES 



2. WRITE COMPUTER PROGRAMS FOR RADIATION 
^F££CTS.QN CQJiPONENTS 


3. SELECT SAMPLES FOR TESTING 


CONDUCT RADIATION TESTS OF FLIGHT TYPE 
CELL, REFLECTOR MEMBRANES & OTHER ARRAY 
COMPONENTS. 


5. UPDATE & COMPARE COMPUTER MODEL WITH TEST 
RESULT S 


6. DETERMINE TECHNOLOGY IMPROVEMENTS FOR 
RADIATION HARDENING OF DEVICES 


TASK TITLE; ACCELERATED SOLAR CELL TESTS 
(30 YEAR LIFETIME PROGRAM) 









SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


TASK TITLE: MANUFACTURING PROCESSES ANALYSIS AND COST EVALUATION 


TECHNOLOGY REQUIREMENT 

A solar power satellite capable of delivering 5 GW of power to the utility on 
the ground will require an array output of approximately 9.76 GW at the end 
of life. One of the major components that have a significant impact on the 
SPS weight and cost is the design and performance of the GaAs solar cell. 

The development and refinement of the mass production fabrication process 
for the manufacture of GaAs cells has the potential for high production 
rates for the cells. The manufacturing process has to be developed in order 
to obtain high performance cells with high manufacturing yields and low unit 
cost which are required to make the SPS economically viable with advanced 
power plants. 

STATE OF THE ART 

• MO-CVD solar cell fabrication method has been demonstrated in the laboratory 
and proved to be an excellent candidate for mass production. 

• Rockwell has fabricated GaAs heterface solar cell with 20% AMO efficiency 
on small cell area (0.0272 cm^ ) by MO-CVD method in the laboratory. 

I 

TECHNICAL OBJECTIVES 

• Analyze the manufacturing processes and design improved techniques and 
equipment that will result in the manufacture of high efficiency GaAs cells, 

• Fabricate and test cells to demonstrate the improved CVD processes or other 
suitable mass production fabrication methods. 

• Cost evaluation the optimum manufacturing methods to achieve the SPS cost 
goals of $67/m for array blanket and $2-5/m for reflectors. 


TECHNICAL APPROACH 


• The process variables, tolerances and the equipment size have to be defined, 

• Investigate and define gallium recovery techniques and recovery rates, 

• Establish production yields, process times, mfg. costs and plant size which 
are necessary to determine production rates. 

• Define facility requirements and cell costs, 

• Analyze the gallium cycle for recycling, minimizing losses and reduction in 
gallium content for cell performance. 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


I 




MILESTONE SCHEDULE 

FY 

1. DEFINE PROCESS VARIABLES 



2. DETERMINE EQUIPMENT SIZE & PRODUCTION 


3. DEFINE FACILITY REQUIREMENTS 


Ul 


INVESTIGATE THE GALLIUM PROCESS FOR 
RECOVERY AND RECYCLING 


5. DEMONSTRATE MASS PRODUCTION PROCESS 
(SUCH AS CVD) CONTROL AND TECHNOLOGY 


6. COST EVALUATION 


TASK TITLE; MANUFACTURING PROCESSES ANALYSIS 
AND COST EVALUATION 











SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 

TASK TITLE: MULTI -BANDGAP THIN FILM SOLAR CELL DEVELOPMENT PROGRAM 


TECHNOLOGY REQUIREMENT 

Thin film mul t I -bandgap solar cell offers over 25 % AMO cell efficiency with 
potential 55 % cell efficiency which depends on the selection of junctions 
and materials. Higher than 20 % single junction GaAs conversion efficiency 
cell will reduce significantly the size, mass, and cost from the present SPS 
des i gn , 

STATE OF THE ART 

GaAlAs/GaAs dual junction solar cell has demonstrated cell open-circuit 
voltage around 2.2 V in the laboratory. Due to the materials interface 
problem, short-circuit current is lower than conventional Si, GaAs single 
junct ion cells. 

TECHNICAL OBJECTIVES 

• Demonstrate and develop the technology for fabricating over 25^ AMO 
efficiency thin film mu 1 1 i -bandgap solar cell. 

• Develop and apply rigorous analytical modeling techniques for predicting 
the performance of mu 1 1 i -bandgap thin film cells, 

• Determine and select the optimum semiconductor materials combination and 
numbers of junction for SPS design. 

• Determine the tolerance of various mul t i -bandgap solar cell configurations 
to irradiation by charged particles and feasibility of low temperature 
annealing to remove radiation damage. 

TECHNICAL APPROACH 

• Investigate and develop high efficiency thin film mul t i -bandgap solar cell 
structures based on MO-CVD or alternative fabrication methods. 

• Model, design and performance analyzes thin film mu 1 1 1 -bandgap cells. 

• Determine thin film mu 1 1 i -bandgap solar cell radiation damage and anneal- 
ing properties 

• Develop and improve (feedstock) materials with required properties, reduce 
costs and high volume production potential. 

• Perform preliminary design and projection of manufacturing processes, 
production equipments for SPS mass production. 
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SPS 

SUPPORTING RESEARCH & TECHNOLOGY TASK 

PLAN 1 


MILESTONE SCHEDULE 


B 

ANALYZE & EVALUATE CELL STRUCTURES 



2. 

CELL DESIGN S PERFORMANCE ANALYSIS 



3. 

FABRICATE CELLS 



D 

PERFORMANCE TESTS & EVALUATIONS 



5. 

DEVELOP IMPROVED MATERIALS 



6. 

DESIGN MFG. PROCESSES FOR LARGE SCALE 


TASK TITLE; MULT I -BANDGAP THIN FILM SOLAR CELL 
DEVELOPMENT PROGRAM 














SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


TASK TITLE: ALTERNATIVE ADVANCED CONCEPT EVALUATION 


TECHNOLOGY REQUIREMENT 

Gigawatt satellite power systems have been defined which utilize GaAs or Si 
solar cells for energy conversion. Based on the overall SPS system and cost 
analysis, the concept of CR=2, GaAs and CR=1 , Si photovoltaic power conversiof 
seems to be the favorable candidate. Future technology developments having a 
significant positive impact on the SPS design. Other alternative photovoltaic 
conversion sources and advanced concept should be examined in order to enrich 
the SPS concept. 


STATE OF THE ART 

• Mu 1 1 i -bandgap solar cell concept 

• Mu 1 1 i -spectra I cells and spectrum splitting device concept 

• High performance concentrator photovoltaic system concept 

• Thermo photovoltaic cells concept 

TECHNICAL OBJECTIVES 

• Examine and analyze alternative advanced SPS concepts to move toward 
S0% goal based on system design, cost, and resources 

• Perform experimental verification works of these concepts 

• Develop manufacturing fabrication techniques 


TECHNICAL APPROACH 

• Evaluate the state of the art on future technology development 

• Examine alternative advanced concept which impact on SPS design performance 
cost with minimum delay and technological complication 

• Examine materials resource capability 

• Develop manuf actur i ng fabrication techniques 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN | 



MILESTONE SCHEDULE FY 

1. DETERMINE STATE OF THE ART 


2. INVESTIGATE AND ANALYSIS ALTERNATIVE 
ADVANCED SPS CONCEPTS 


3. DEVELOP 6 PERFORM EXPERIMENTAL VERIFICATION 


DEVELOP MANUFACTURE FABRICATION TECHNIQUES 


5. DETERMINE OPTIMUM SPS DESIGN CONCEPT 






TASK TITLE: ALTERNATIVE ADVANCED CONCEPT EVALUATION 



III 

■ 














SPS SUPPORT ING RESEARCH <5c TECHNOLOGY TASK PLAN 

technology TITLE: SPS ELECTRICAL POWER DISTRIBUTION PROCESSING 

AND POWER MANAGEMENT (PDC) 


TECHNICAL SUMMARY 

The primary objective of this early research i s to establish technical feas- 
ibility and economic practicability for high voltage operations of the SPS. 
Technical feasibility will depend on the technology readiness of techniques, 
components, and equipment to reliably distribute, process^ and interrupt 
hundreds of megawatts of power at tens of thousands of kilovolts. Minimum 
weight power processors and power conductors are required. The combined 
requirements of dissipating concentrated heat and preventing breakdown or 
arc-overs are much more severe In space than in similar high power and high 
voltage ground applications. The SPS power distribution and processing con- 
cepts depend upon successful realization of high power kilovolt ultra-fast 
protection switches. 

Consideration should be given to the PDC requirements of alternatives to 
high voltage transmission tubes such as solid-state dc-RF converters- 


TA5K SUMMARY 

Requirements Definition Study 

Requirements definition studies should be expanded to ascertain that the 
weight and efficiency estimates of the proposed PDC equipment are based on 
requirements that are sufficiently complete so as to preclude gross errors 
in the predicted SPS weight and cost estimates and to ensure that the tech- 
nology development effort required to bridge the gap between present and 
predicted SOA is properly defined and scoped .( 1 ) (2) 

Laboratory Experimentation and Feasibility Test Models 

Investigations and laboratory experimentation should be carried out to 
demonstrate: (1) approaches for dc converters which will allow an extension 

of current mass projections from 0.5 kg/kW to 0.197 kg/kW, and (2) valida- 
tion of a switch gear concept In terms of space application to achieve 
mass, efficiency, and size as required for tlie SPS. 

Feasibility test models can be utilized to demonstrate high voltage oper- 
ation, ultra-fast overload protection times, and specific masses. These 
models can provide verification of scaling relationships (weight, frequency, 
voltage, and power level), and data for preliminary design of SPS hardware. 

Power Devices Development 

Power electronic devices form the building blocks for switch gear and dc/ac 
converters and inverters, and as such are critical to high-performance 


(!) AC power distribution should be carried on as an option until tt>e econo<nic 
practicality of high power, high voltage, fast response dc transmitter tube 
protection has been established. 

i2) Consideration should be given to the PDC requirements of alternatives to 
high voltage transmission tubes such as solid-state dc-RF converters. 
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systems like the SPS. SPS will require new development in areas of 
transformers, inductors, capacitors, diodes, and SCR's. 

Power Transmission Development 

SPS requires transmission of extremely large current (kiloamps) at poten- 
tials of 50 kV over distances of tens of kilometers. Therefore, develop- 
ments are necessary for practical transmission in these areas; conductor 
joining techniques, supports (insulators and standoffs), surface treatment 
for heat transfer, equipment/transmission line connectors. Without 
improvements in mass, transmission efficiency, and arc protection, the SPS 
will not meet its goals of technical and economic viability. 

Rings and Brush Materials Development 

There is a need to develop ring and brush materials that can be operated 
at high contact temperatures ("200*C) . Also, brush materials capable of 
higher current densities (>7.5 A/cm^) are needed. Consideration must be 
given to the problem of current distribution when multiple brushes are 
used on the same ring carrying very high currents. 

Additional definition of the flex cable configuration is required. The 
mechanical properties of this system must be determined (fatigue of large- 
diameter mechanical interactions, etc.). 

Study of Plasma Effects and Laboratory Tests 

The geostat i onary orbit plasma environment presents special hazards to 
spacecraft designers because of the presence of dense, high-temperature 
plasma associated with the plasma sheet. Plasma sheet electrons may 
charge up the satellite to high voltage (of the order of 10 k\/) . These 
high voltages may cause breakdown (arcing), damage to components, changes 
to reflectivity or thermal control surfaces, and possibly shock hazards 
for EVA and docking activities. The investigation should Include a 
theoretical analysis, computer modeling of the spacecraft fields, 
laboratory tests of some realistic arcing protection, solar cell arrays, 
and power distribution devices in a substorm plasma simulator and 
eventually flight tests. 

Holten Salt Electrolyte Battery Design 

The molten salt electrolyte battery should be designed for space applica- 
tion, cells built and completely characterized. Also of interest is the 
corrosion effects associated with the molten salt system. A study effort 
is needed to determine if a thermal energy storage/heat pipe configuration 
makes sense as a means for providing transmission tube heat during 
eel i pse periods. 
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Power Management System Conceptual Design Studies 

Power management system conceptual design studies must be conducted to 
scope the functions and hardware implementation. Developments are needed 
of the sensors operating at high voltages and of the fiber-optics for 
analog and digital data transfer and interfacing with high-voltage 
equipment. This effort must define the digital interface units and remote 
terminal units that are part of the various power distribution, power 
processing, energy storage, and thermal control equipment. This equipment 
needs to be integrated into a power management system. 
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SPS SUPPORTING RESEARCH S TECHNOLOGY TASK PLAN | 


MILESTONE SCHEDULE | FY 

1. REQUIREMENTS DEFINITION STUDY 

2. LABORATORY EXPERIMENTATION AND FEASIBILITY 

TEST MODELS OF POWER PROCESSING 

3. POWER DEVICES DEVELOPMENT 


A. POWER TRANSMISSION DEVELOPMENT 


5. RING AND BRUSH MATERIALS DEVELOPMENT 


6. STUDY OF PLASMA EFFECTS & LABORATORY TESTS 


7. MOLTEN SALT ELECTROLYTE BATTERY DESIGN 

8. POWER MANAGEMENT SYSTEM CONCEPTUAL 
DESIGN STUDIES 


TASK TITLE: POWER DISTRIBUTION, PROCESSING, AND 

POWER MANAGEMENT 


1981 

1982 

1983 

198^1 

1985 

1986 















SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


TASK TITLE: REQUIREMENTS DEFINITION STUDY 


TECHNOLOGY REQUIREMENT 

Steady-state operations at 42.9 kV and 208 kA at slip ring interface. 
Solar array output power level of 9*9 GW, 30-year operational life. 
Multiple voltages ranging from 40 kV to 8 kV at "*136,000 klystrons. 
Ground isolation, EMC, cathode- to-body voltage ripple, and tube arcing 
energy limiting protection requirements undefined. DC-to-dc converters 
at 0.199 kg/kW and 96^ efficiency. Switching times of 5 ysec to 5 msec, 


STATE OF THE ART 

Present aerospace technology limited to 28 to 300 V dc and 25-100 kW 
with switching times of 20 milliseconds. 


TECHNICAL OBJECTIVES 

To expand and ascertain that the weight and efficiency estimates of the 
power processing and protection equipment are based on requirements that 
are sufficiently complete so as to preclude gross errors in the predicted 
SPS weight and cost estimates; to ensure that the technology development 
effort required is properly defined and scoped. 


TECHNICAL APPROACH 

Investigate transmitter tube voltage and current requirements and expand 
current requirements definitions from SPS system definition studies. 
Simulate the SPS system and determine requirements regarding ground 
isolation, EMC, ca thode- to-body voltage ripple, and tube arcing energy 
limiting protection as well as a closer approximation of the voltage and 
current requirements of the various depressed collectors of the trans- 
mitter tube. Note: This may require laboratory development of the 

transmitter tube. Perform a study to determine similar requirements for 
alternative solid-state transmitters and ac power distribution concepts. 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


* 


MILESTONE SCHEDULE 

FY — ^ 

VOLTAGE AND CURRENT REQUIREMENTS OF 
DEPRESSED COLLECTORS 



UNDEFINED REQUIREMENTS (GRD ISOLATION, EMC, 

mTAGE R IPPLE. E TC. ) 


SYSTEM RELIABILITY & EQUIPMENT RATING 


FLEX CABLE CONFIGURATION 


THERMAL STORAGE/HEAT PIPE CONFIGURATION 


TASK TITLE: REQUIREMENTS DEFINITION STUDY 











SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 
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second consists of building the mathematical models for the simulator and 
to perform a baseline configuration run. The results will be reviewed and 
updated where necessary. In case of update, a rerun of the baseline will 
be performed. The third consists of the actual study phase of PDS, pre- 
sentation of the solutions, and recommendations of changes as well as 
additions. The fourth consists of updating the models to the latest con- 
figuration and rerunning Phase 3 to ensure that the corrections made 
satisfy the requirements. The fifth deals with investigation of materials 
and candidate mechanizations of dc converter and switch gear designs. 

Sixth Is the design of exploratory tests; seventh is the simulation design 
and demonstration. Materials that will be investigated for the dc con- 
verters include lightweight, high-performance ferrites, composite hybrid 
materials, doping of conductors with oriented magnetic materials. In 
addition, investigations will be made of new semi-conductors for higher 
frequency, new coupling techniques and multiple-function component tech- 
nology, and cooling techniques. System design simulation tests will be 
performed prior to design and demonstration of brassboard design. 
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SPS SUPPORTING RESEARCH f. TECHNOLOGY TASK PLAN | 


MILESTONE SCHEDULE 


FY 


PROBLEM IDENTIFICATION 


MATH MODELS 


PD CONCEPT ANALYSIS 


MATERIAL INVESTIGATION 


SIMULATION DESIGN AND DEMONSTRATION 


lASK TITLE: LABORATORY EXPERIMENTATION AND 

FEASIBILITY TEST MODELS 














SPS SUPPORTING RESEARCH 6c TECHNOLOGY TASK PLAN 


TASK TITLE: 


POWER DEVICES DEVELOPMENT 


TECHNOLOGY REQUIREMENT 

^0 kV, u 1 t ra-h I gh-power operation (5“10 kA) 
High speed switching (5"50 msec) 

33 - 3 % efficient switch gears 
dc-dc converters 


STATE OF THE ART 

Present technology Is not available for devices operating at the 
SPS required power levels. 

TECHNICAL OBJECTIVES 

Necessary technology developments in areas of transformers, inductors, 
capacitors, diodes, and SCR's to advance state of the art so as to make 
the SPS concept technically feasible. 


TECHNICAL APPROACH 


The technical approach consists of two parts: 

1. Investigation and development of: magnetic materials, new semi- 

conductors and applicable devices for higher frequency and efficiency 
performance; new coupling techniques and multiple function component 
technology; and cooling techniques for power handling components. 

2. Assessment of available technology (dc converter and switch gear) and 
definition of brassboard models. Develop, construct, and evaluate 
brassboards . 
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SPS SUPPORTING RESEARCH £ TECHNOLOGY TASK PLAN 


MILESTONE SCHEDULE 


FY 


MAGNETIC MATERIALS 


POWER DEVICES 


COOLING TECHNIQUES 


DC CONVERTER BRASSBOARD FABRICATION/TEST 


SWITCH GEAR MECHANIZATION 


SWITCH GEAR BRASSBOARD FABRICATION/TEST 


TASK TITLE; POWER DEVICES DEVELOPMENT 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


TASK TITLE: POWER TRANSMISSION DEVELOPMENT 


TECHNOLOGY REQUIREMENT 

Large current (10 kA) transmitted at potentials of 50 kV over distances 
of tens of kilometers. 

In SPS power distribution systems, flat conductors are preferred because 
they exhibit better heat dissipating qualities than round conductors. 
However, because of the length of these conductors, they appear hard to 
handle; therefore, sectional i zation is a necessity. The joining of these 
sections could alter the characteristics of the conductors; therefore, 
it becomes important to investigate various joining processes to determine 
which will produce the optimum joint. 


STATE OF THE ART 


Several orders of magnitude less than SPS requirements. 


TECHNICAL OBJECTIVES 

Evaluate weight, transmission efficiency, and arc protection for conductor 
joining, supports, surface treatment, and connectors. The objectives of 


the 

study are; 





1 . 

Determ i ne 

most f 

eas i 1 

Die joining 

process 

2. 

Determ i ne 

e 1 ect r 

i ca 1 

and thermal 

character i st i cs 


( i nsulatoi 

'S and 

standoffs) 


3. 

Determ i ne 

mechan 

1 ca 1 

character i s 

tics and strength of joint 


TECHNICAL APPROACH 

1. Review existing flat conductor cable joining concepts. Establish 
SPS cable sizes and determine number of joints that may be needed. 

2. Evaluate the various joining techniques such as conductive adhesives, 
mechanical clamping and/or weldments for potential use on the SPS. 

3. Design prototype joint for potential application to the SPS and 
fabr i cate. 

A. Evaluate equipment/transmission line connectors 




5. Conduct tests to determine electrical and mechanical performance 
and strength. Assess ease of on-orbit assembly and reliability 
of joint. 
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MILESTONE SCHEDULE 


FY 


CONDUCTOR JOINING TECHNIQUES 


SUPPORTS (INSULATORS AND STANDOFFS) 


SURFACE TREATMENT FOR HEAT TRANSFER 


EQUIPMENT/TRANSMISSION LINE CONNECTORS 


PROTOTYPE TESTS 














SPS SUPPORTING RESEA RCH & TECHNOLOGY TASK PLAN 

TASK TITLE: RING AND BRUSH MATERIAL DEVELOPMENT 


TECHNOLOGY REQUIREMENT 

360“ continuous rotation, 23** ± 10 ° flex joint 
42. 9 KV, 217,500 A transfer across rotary joint 
Test and performance data of high-power slip rings 
High-contact temperature (200°C) 

99-9^ efficiency 

STATE OF THE ART 

Transfer of large amounts of power at high voltages and currents through 
slip rings has never been performed In space — current state of the art is 
limited to 28-300 V, 25 kW, rotary joint dimensions of <0.5 m In diameter, 
and slip ring current densities of '"7-5 A/cm^. 

TECHNICAL OBJECTIVES 

The objectives of the study consist of: 

1. Analyzing slip ring design concepts and determining potential 
materials to use for the slip rings and brushes. 

2. Establishing prototype model sizes, designing components, and 
fabricating for testing. 

3. Performing laboratory test to determine electrical, mechanical, and 
thermal characteristics of the slip ring and brush assembly. 

TECHNICAL APPROACH 

1. Review design concepts of on-orbit slip ring brush assemblies. 
Determine state of the art of the technology and determine electri- 
cal, mechanical and thermal characteristics and performance of the 
des i gn. 

2. Analyze h i gh-vol tage/h igh-current slip ring requirements. Voltage 
drop, friction factors, wear rate, arcing, current density, brush 
pressure, and temperature effects are critical to the design of the 
slip ring brush assembly for long life and high performance. 

3- Design prototype slip ring and brushes for testing. 

4. Define flex cable configuration and determine mechanical 
propert ies . 
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5. Perform laboratory testing of prototype components and correlate 
test data with analytical design results. 
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MILESTONE SCHEDULE 
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DESIGN CONCEPTS 


HIGH VOLTAGE & CURRENT ANALYSIS 


RING & BRUSH PROTOTYPE DESIGN 


FLEXIBLE CABLE CONFIGURATION 


LABORATORY TESTS 

















SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 

task TITLE: STUDY OF PLASMA EFFECTS A^D LABORATORY TESTS 


TECHNOLOGY REQUIREMENT 

Transmit continuous power from satellite to the ground in the presence 
of dense, high-temperature plasma associated with the plasma sheet. 
High-voltage power generation, kO kV in GEO and >2000 V in LEO. Reliable 
operations, <1^ loss in GEO, and <S% loss in LEO. 

STATE OF THE ART 

28-300V, 25 kW 

TECHNICAL OBJECTIVES 

1. Review existing spacecraft charge math models and determine how they 
could be implemented. 

2. Develop spacecraft charging mathematical model for the SPS. 

3. Perform coordination with simulation engineers for incorporating 
the spacecraft charge mathematical model into the overall PDS 

s imulat ion model . 

TECHNICAL APPROACH 


This project will be divided into four phases. The first phase consists 
of a review of existing spacecraft simulation models to determine whether 
they could be utilized in the overall simulation model, or whether new 
models would have to be developed for the SPS configuration. The second 
phase consists of developing a suitable mathematical model to be used in i 
conjunction with the PDS overall mathematical model. After model has been 
completed, simulation will be made to confirm accuracy of model. The 
third phase consists of interfacing with simulation engineers for Incorp- 
orating the model into the overall PDS simulation model and also partici- 
pate in the simulation evaluation. The last phase consists of laboratory 
tests of some realistic, arcing-protected solar cell arrays and power 
distribution devices in a substorm plasma simulator. (Eventually, 
flight tests in GEO and LEO will be required.) 
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THEORETICAL ANALYSIS 


COMPUTER MODELING 


COMPUTER SIMULATION 


LABORATORY TESTS 


SORTIE TESTS 


TITLE: STUDY OF PLASMA EFFECTS AND 

LABORATORY TESTS 
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MILESTONE SCHEDULE 


CONCEPTUAL DESIGN 


SENSOR AND FIBER-OPTICS DEVELOPMENT 


DEFINE DIGITAL INTERFACE UNITS AND REMOTE 
TERMINAL UNITS 
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Power Transistor Preliminary Definition . The objective of this effort is to 
develop and demonstrate monolithic designs such as GaAs FET and GaAs Bipolar 
for amplifier chains with ~50 dB gain and 5-50 watt output. Other factors 
are sensitivity to amplitude changes, aging, and temperature. 

Phase Control System . A phase reference power distribution system is requir- 
ed as it maximizes the power transfer to ground from orbit, irnoring the 
effect of interdicting environment and mechanical distortions. The objective 
of this effort is to develop and demonstrate a centrally located reference 
signal transmitter which will provide a reference phase for all conjugation 
circuits through use of an RF link. 

RF Signal Distribution System Development , The solid state subarrays each 
contain over 16,000 radiating elements and associated power amplifiers. The 
objective is to establish for the low weight signal distribution systems, 
the total RF losses, shielding performances, and apply the results to estab- 
lishing manufacturing, and installation procesures and processes. 

High Gain Rectenna Element Development . The objective of this effort is to 
obtain information for selection and development of the pick-up element for 
the rectenna portion of the microwave power transmission system. Maximizing 
sensitivity and efficiency is important, however it cannot be accomplished 
without paying corresponding penalties In regard to radome protection, 
maintenance problems, utility interface restrictions, reliability, and life. 
Also, re-radiation of harmonics has to be minimized. 

High Gain Pilot Receiver Antenna Development . During this program pilot 
antenna designs and installation methods will be investigated and tested to 
assure pilot signals and power signals are individually capable of discern- 
ment, and capable of sustaining the required phase accuracy for beam pointing. 

Pilot Transmit System Study and Concept Development . During this effort the 
relative merits of 3 tone pilot waveform versus large aperture pilot array 
wavefront techniques will be investigated to optimize the provision of the 
control signal to the spacecraft conjugation circuits. Effects of ionosphere, 
weather, aging, etc. will be included. A special effort has to address the 
jamming resistance of the pilot system. 

Study of Alternate Sensing Techniques . On-board monopulse and ground-based 
amplitude sensors will be studied and developed, to make total beam direction/ 
control fa i 1 -safe , 

Study of Aperture Distribution Functions, Beam-Steering and Associated Problem 
Areas . al Continuous amplitude tapers will be d e ve 1 oped (by tapering sub- 
arrays also); b) tapers will be optimized for energy trnasfer; c) cost depen- 
dency on spacetenna beam steering will be defined. 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


TASK TITLE; GROUND TEST RANGE DEFINITION 


TECHNOLOGY REQUIREMENT 

A very large percentage of MPTS critical technical issues can be substantial- 
ly resolved through a comprehensive, progressive microwave transmission 
ground development program. A more precise definition of required ground 
test range requirements and facilities is an essential prerequisite to initia- 
tion of MPTS subsystem development. 

STATE OF THE ART 

Little prior experience exists with systems of this magnitude, and careful 
definition is mandatory. 

TECHNICAL OBJECTIVES 

To determine specific detailed verification test and performance requirements 
and test system concepts for ground to ground (near-field) and ground to geo- 
synchronous orbit (far-field) verification testing of MPTS subsystem 
elements, including interface parameters and requirements for a geosat multi- 
function test system operating in conjunction with a 1 km ground linear 
array . 

APPROACH 


Task sequence will be to establish sequential technical issue resolution 
requirements, define overall test system characteristics and conduct system 
concept definition studies for principal ground test elements. The follow- 
ing subtasks will be performed; 

• Define MPTS critical technology verification resolution requirements 
as a parametric basis for proposed test system objectives. 

• Describe overall sequential end-to-end MPTS system test characteristics 
including location, power requirements, instrumentation, etc. 

• Develop preliminary design concept definition for 600 meter and 6 km 
ground to ground test ranges and a ground to geo 1 km linear array 
antenna installation. 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


TASK TITLE: 50 |<w KLYSTRON AND 5 JO 10 kW MAGNETRON DEFINITION 


TECHNOLOGY REQUIREMENT 

High-power klystron and magnetron converters must be completely characterized 
and defined before MPTS design definition can be initiated. Klystron 
electrical definition requires application of the "floppy disc" digital 
electron-beam simulation program. Collector electron optics requires 
analogue simulation. Magnetron electrical definition requires design of 
single-point, re-entrant feed circuit utilizing either a magic tee (preferred 
solution) or a circulator to injection lock the magnetron. Noise measure- 
ments and complete efficiency calculations/measurements have to be performed. 
Phase stability loss to be determined for both tubes, 

STATE OF THE ART 

Current klystrons are inefficient (less than 50Z) , and considerable improve- ' 
ment is required. Also, if possible, some reduction in AF and FM noise side- 
bands would be beneficial- 

For magnetrons, accurate noise measurements have not been performed, and a 
low-noise mode (using cold cathodes during operation, i.e., turn i ng of f the 
heater voltage) has only recently been discovered. Another unknown is the 
injection-lock characteristic using lightweight magic tee circuits. If 
circulators have be used, a large weight penalty would result. 

TECHNICAL OBJECTIVES 

Perform computational simulation in a computer-aided-design process to 
define an optimized SPS klystron, generate initial design and assembly 
sequences and provide a basis for cost and performance prediction. 

Obtain definitive answers for both tubes regarding: (1) efficiency; 

(2) near-in noise (AM and FM); (3) long-term phase stability; (A) heat 
transfer characteristics; ( 5 ) manufacturability; ( 6 ) ease of maintenance; 

(7) life time; ( 8 ) cost for total assembly as used in the SPS; and 
( 9 ) minimum harmonic output. 

APPROACH 


• Assemble and proof analogue and digital programs 

• Perform klystron/magnetron definition simulation optimization 

• Generate design drawings 

• Develop assembly flow scenario and instructions 

• Build prototype lab models, and test all important parameters listed 
in the objectives 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


TASK TITLE: -RCR CONCEPT EVALUATION 


TECHNOLOGY REQUIREMENT 

An integrated microwave — radiator /power converter module must be character- 
ized and developed in detail as a necessary prerequisite to point-design 
MPTS performance, mass and cost determinations. 

STATE OF THE ART 

Preliminary tests have shown about "-75^ efficiency. This needs to be 
improved (as for the ordinary waveguide array) to 95^» 

TECHNICAL OBJECTIVES 

Perform development of a point-design RCR/Klystron module with required 
pattern, adequate cooling and an economical manufacturing process. Ohmic 
loss will be considered a major parameter. 

Alternately, RCR/Magnet ron modules will be Investigated, with lower power 
tube outputs and hence smaller RCR sizes. 

APPROACH 


Resonant cavity resonator configurations of various characteristics will be 
designed and evaluated. Variants will include feeder placement, introduction 
of the klystron/magnetron well, addition of heat-pipe grid, and use of choke 
joints for assembly. Experimental model will be tested In a space simulator 
for cooling performance, mul t ipact ion , temperature distribution and other 
performance characteristics. 

Proper design of the critical contact surfaces will be the key issue in 
Increasing the efficiency. 
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MILESTONE SCHEDULE 


DESIGN BASIC RCR's 


ADO COOLING, WELLS, ETC. 


COMPLETE MECHANICAL DESIGN 



INTEGRATE KLYSTRON/MAGNETRON 
















SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


TASK TITLE: MPTS ANTENNA PATTERN CALCULATION, ALTERNATE CONCEPT 

TECHNIQUE INVESTIGATION AND POWER DIPOLE OPTIHIZAT 


TECHNOLOGY REQUIREMENT 

Microwave beam computed patterns taking into account all deviations from 
ideal behavior are required for projected point-design MPTS antenna concepts 
prior to developmental hardware testing. Later ground to GEO line array 
pattern measurements must correlate well with antenna pattern modeling to 
verify antenna design adequacy. Antenna behavior is intimately tied to beam 
control technique. Alternate techniques (baseline: retrodi rect i ve) need to 
be evaluated. Also, the electrical character i st i cs of the power dipole have 
to be opt imi zed . 

STATE OF THE ART 

Far-out sidelobe level in very large arrays have to be determined on a 
probabilistic basis. The University of Illinois under Professors Lo, Lee 
and Mittra is concurrently seeking a grant from the NSF to investigate phase 
error effects on sidelobes and total efficiency in very large array. Their 
techniques (assuming they will be funded) can be utilized in the SPS 
technology support program. 

TECHNICAL OBJECTIVES 

Assemble a specialized computer program for calculation of MPTS antenna array 
and line source simulation pattern behavior. Use probabilistic techniques to 
determine the effects of tolerances (mostly phase errors) on far-out side- 
lobes, which in turn can reduce beam efficiency substantially. 

APPROACH 

• Construct an optimized computer program using as subprograms, existing 
programs for computing line and planar array patterns from the array 
exc i tat ion . 

• The main program will identify excitation functions by calling subprograms 
which generate perturbations of the ideal excitations generated in the 
MAINGO. 


• Evaluate and utilize the following subprograms: (as a starting point.) 


MAINGO 

LOCATE 

RETRO 

STEER 


• WEIGHT 

• XFORMl 

• XF0RM2 

• VALUES 


• RECTNA 

• PRTPLT 

• CRTPLT 

• TBLPLT 


Utilize University of Illinois techniques to the extent available. 
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Evaluate effect of systems configuration on sidelobe performance; 
efficiency; steering accuracy, etc. Include alternate steering 
mechanisms. Emphasize probabilistic approach. 

Analyze thin dipole performance. Optimize for array environment; 
integrate with amplifier. 

Coordinate the efforts in this task with study of "Alternate Sensing 
Techniques" and with study of " Aperture Distribution Functions and 
Associated Problems ." Establish cost versus steering angle for single 
spacetenna, multiple rectenna systems. 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 

TASK TITLE: GaAs DIODE CONCEPT EVALUATION 


TECHNOLOGY REQUIREMENT 

Diode and corollary rectifier circuits must be characterized and developed 
as a prerequisite to SPS rectenna configuration definition and cost and 
performance optimization. 

STATE OF THE ART 


Only half-wave rectifiers have been optimized in connection with single low- 
gain diodes. Different (high-gain) elements will require different diode 
characteristics. Also, full-wave rectification needs to be evaluated. 

TECHNICAL OBJECTIVES 

Develop diode and rectifier circuit software programs, evolve optimum diode 
and circuit design and evolve efficient fabrication processes. Inasmuch as 
problems in defining GaAs parameters are the same as for the GaAs transistor 
program task, perform this task in parallel. 

APPROACH 

The development of the diode CAD program can be a simplification of the 
Waterloo transistor program, BIPOLE. As in the transistor case either WATAND 
or REPAC can be used for the CAD rectifier circuit program. Test diodes are 
then made and compared with the computer program results. GaAs parameters 
and structure data is modified according to lab results then new designs are 
run. This will continue until an optimum design is obtained. 

Rectenna performance will then be calculated in light of the optimum design 
parameters . 

Finally large-scale manufacture methods will be projected from the laboratory 
fab processes and volume production costs estimated. 
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WRITE PROGRAM 


COLLECT GaAs DATA 


CAD DESIGN 


RECYCLE DESIGNS TO OBTAIN OPTIMUM 


FY 


MANUFACTURE RECTENNA 


TASK TITLE: GaAs DIODE CONCEPT EVALUATION 















SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


TASK TITLE: 


POWER TRANSISTOR PRELIMINARY DEFINITION 


TECHNOLOGY REQUIREMENT 


A preliminary concept definition and performance evaluation of three 
transistor power converters must be performed as a basis for the power 
module point design decision by 1982 prior to component development and 
verification. Additional heavy development is required in the areas of 
GaAs bipolar transistors (so far mostly FET's have been considered), and 
complete monolithic construction of 3 to 5 stage amplifiers. Integration 
with the dipole radiator must be proven. 

STATE OF THE ART 


70% efficiency has been achieved with a single GaAs FET. However, tempera- 
ture capability needs to be improved somewhat. Also, total amplifier chain 
characteristics for 5 watt (and especially 50 watt) output at S-band with 
concomitant gains of ~50 dB are not known. Finally, cost and weight con- 
straints require ultimately that monolithic techniques be employed. Previous 
monolithic designs are sketchy and do not address specific SPS needs. 

TECHNICAL OBJECTIVES 

Evaluate the performance and S-O-A manufacturing potential for advanced 
power transistor development for application to MPTS power amplification. 
Prove monolithic designs (both GaAs FET and GaAs Bipolar) for complete 
amplifier chains with ~50 dB gain and ~5 (50) watt output. 

APPROACH 

Task will consist of an iterative process of data acquisition on GaAs para- 
meters, calculation of optimized transistor performance and evaluation of 
production potential. 

The task sequence includes the following: 

a) Collection of preliminary GaAs parametric data 

b) CAD design of transistor using variation of Waterloo p rogram— B I POLE 

c) CAD design of amplifier circuits using either Waterloo — WATAND or i 
Rl— REPAC 

d) Fabrication and test evaluation of transistor and amplifier 
performance 

e) Refinement of GaAs data and efficiency projection 
Repetition of a) through e) for Bipolar. 
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BuMding of lab models in discrete and monolithic technology, with 
ultimate goal of integration with power dipole in simulated array 
envi ronment . 
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GaAs DATA COLLECTION 

CAD TRANSISTOR DESIGN 

CAD AMP. DESIGN 

FAB AND TEST 


POWER MODULE SELECTION 


REPEAT ABOVE FOR BIPOLAR 


AMPLIFIER DEVELOPMENT 


DESIGN MONOLITHIC 


TEST AND EVALUATE 
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TASK TITLE; PHASE CONTROL SYSTEM 


TECHNOLOGY REQUIREMENT 

It is very important to develop a reference phase distribution system, and 
a phase conjugation circuit, which can point the power beam of the SPS with 
maximum accuracy at the center of the rectenna site. The phase reference 
should be distributed in such a way that mechanical distortions have no 
effect on the beam steering accuracy and/or the beam efficiency; and without 
connections between subarrays. 

STATE OF THE ART 


I Preliminary tests have been performed on a vanity of conjugation networks, 
but never to the degree of phase accuracy required for the low sidelobe 
levels necessary in the SPS for maximum efficiency and minimum beam steering 
error. Furthermore, the distribution system for the reference phase con- 
sidered by Boeing, and investigated by LINCOM, requires cross-connections 
of an elaborate wire network, and extremely complex phase regeneration 
c i rcu Its. 

TECHNICAL OBJECTIVES 


A better approach will be developed in this task, i.e., a centrally located 
(either in-plane or out-of-plane) reference signal transmitter, which will 
not only provide a standard reference phase for all conjugation circuits, 
but also achieve this via a radio link, i.e., without requirement for inter- 
connecting the subarrays with multiple transmission lines. 

TECHNICAL APPROACH 

A radio distribution system consists of two essential parts; the central 
transmitter, and the reference phase compensation circuit which eliminates 
the effects of distortions in the phased array aperture. Once a uniform 
phase reference is established, the ground based pilot signal can be 
conjugated, and the power beam is steered in the proper direction. The 
conjugation circuit is thus the third essential network ingredient for the 
phase control system. Both for the reference phase distribution and for 
the pilot tone reception 3 frequencies will be transmitted to allow on-board 
compensation at aperture distortion and of ionospheric time delay variations 
across the control beam. These circuits will be developed and tested. 
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DEVELOP CONJUGATIVE CIRCUITS 


DEVELOP PHASE REFERENCE CIRCUITS 


TESTS 


CONSTRUCT ARRAY PROTOTYPE 


TEST PROTOTYPE ARRAY 



TASK TITLE: PHASE CONTROL SYSTEM 
















SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


TASK TITLE; RF SIGNAL DISTRIBUTION SYSTEM DEVELOPMENT 


TECHNOLOGY REQUIREMENT 

Each soHd-state subarray (both end-mounted and sandwich conf iqurat ions) 
contains over 4,000 radiating elements, with at . least that many associated 
power amplifiers. A minimum weight signal distribution system (from the 
subarray conjugation circuit output to the input of each amplifier) has been 
conceptually developed, which will use coaxial or hybrid coax/str fpl ine feed 
lines. The exact layout, type of coax and/or other material and their total 
loss and shielding performances need to be studied, and manufacturing 
techniques investigated. 

STATE OF THE ART 

Using several layers of Kapton in a pure stripline configuration has been 
found to be either extremely lossy, extremely heavy, or both. Using a thinned 
all-coaxial system results in minimum weight, but substantial problems may 
arise due to launch vibrations. No useful signal distribution system is 
known, however, which has a lighter total weight, particularly if alumina 
dielectrics are used instead of Kapton. It is important, therefore, to 
increase the knowledge of signal distribution systems, because they are a 
major parameter in the solid-state designs. 

TECHNICAL OBJECTIVES 

Pure coaxial networks will be studied, with emphasis on optimum geometry 
(layout within a single layer is preferred), on interconnections (e.g., ultra- 
sonic weld, solder, crimp, etc.) and on packaging to withstand the launch i 
environment. A secondary issue Is interconnection in space of manufacturing | 
modules to create a complete subarray, with current dimensions of 5 meters 
by 5 meters. 

TECHNICAL APPROACH 


The basic feed circuit geometry is fairly well determined by the fact that the 
total element number is binary. A layout will be studied which distributes 
the signal from the central point in onle layer to each amplifier input, 
including Wilkinson hybrids at the last power split. Methods will be develop- 
ed to produce the transmission line pieces in a maximally random fashion, so 
that phase errors are randomized. An alternate approach will be studied 
using Kapton stripline circuits. Proper interconnect techniques are crucial 
and attention will have to be given to possible feedback loops. For both 
bases, loss and weight will have to be minimized, and protection techniques 
(e.g., form) established. Several lab models will be designed and tested 
electrically; mechanically and environmentally. 
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TASK TITLE: HIGH-GAIN RECTENNA ELEMENT DEVELOPMENT 


TECHNOLOGY REQUIREMENT 

To provide the highest efficiency pick-up element for the rectenna portion 
of the microwave power transmission system. At the time, total cost 
(life-cycle) has to be minimized with regard to random protection, 
maintenance problems with the utility interface and overall reliability, 
e.g., W.R.T. lightning protection, also the harmonics generated by the 
rectenna; and RFI generated thereby, have to be analyzed and minimized. 
High-gain elements may offer substantial advantages over low-gain 
elements, and require detailed study. 

STATE OF THE ART 

So far only simple dipoles have been used in connection with half-wave 
rectifiers. Full-wave rectification costs more, and the large number of 
low-gain dipoles has prevented much investigation of alternate schemes. 
Certain types of helices and parasitic elements such as cigar antennas and 
yagis, have highly efficient modes (approaching 100%), and yet offer gains 
of 10 to 16 decibels. Reflector, particularly low F/D ratio paracyl inders, 
can have gains of -20 decibels. This allows a reduction of element number 
to one tenth, or to ~ one hundredth. 

TECHNICAL OBJECTIVES 

Provide definitive design information regarding size, capture area, capture 
efficiency impedance match, harmonic radiation character! st ics, lightning 
protection and ease of maintenance. Test representative designs, and 
provide inputs to a design and test program for a large-scale prototype 
(or two, one using e.g., yagis and one using reflectors) to be evaluated 
further in a ground based test system for end-to-end transmission efficiency 

TECHNICAL APPROACH 

The following high-gain antenna demands will be studied; 

1. Helices, particularly those operating in a high-efficiency mode at the 
lower end of the design bandwidth. 


2. Yagis, i.e., linear parasitic arrays with linear polarization. 

3. Cigar antennas (also called d i sc-on-rod ) , with linear polarization. 

A. Parabolic cylinder arftennas with very short focal length for high 
efficiency, and their associated radisines. 
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5. Line source (i.e., traveiing-wave) feeds for paracylinder antennas with 
a minimum number of feed points for additional reduction in component 
number . 

6. Multiple element feeds for paracyl Inders, using high-gain elements 
(see 1 through 3 above), 

7. Low-gain feed elements for paracylinder antennas* After technical design 
optimization other factors will be used for final evaluation, such as, 
ease of maintenance and hook-up to U,l., reliability, and RF 1 generation 
(suppression) . 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 




MILESTONE SCHEDULE 

FY 

STUDY HELIXES, YAG 1 S , CIGARS 



STUDY REFLECTOR CONFIGURATIONS S RADOMES 


STUDY LINE SOURCE FEEDS 


Ln 


STUDY MULTI-ELEMENT FEEDS 


STUDY ALTERNATE LOW-GAIN ELEMENTS & 
REFLECTOR FEEDS 


EVALUATE RELATIVE MERITS W/REGARD TO UTILITY 
INTERFACE. RF k MAINTAINABILITY. £ RELIABLLLTY 


TASK TITLE; HIGH GAIN RECTENNA ELEMENT 
DEVELOPMENT 














SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


TASK TITLE: 


HIGH-GAIN PILOT RECEIVER ANTENNA DEVELOPMENT 


TECHNOLOGY REQUIREMENT 

Depending on the type of SPS array (baseline waveguide slot modules, or 
solid-state arrays with power dipoles) pilot antennas have to be located 
either at the edges of the subarrays or in the center. In either case 
high-gain end fire arrays (Yagis, helices) can be used, or arrays of low- 
gain elements. The crucial parameter for all of these antennas is 
rejection of the power signal, thru cross-polarization and location, as 
well as feed design. 

STATE OF THE ART 


Not much development work has been done. Optimization of gain versus 
power signal rejection has not been performed, only general, possible 
locations being Identified. The current state of the art is totally 
inadequate, and no assurance exists that the pilot receiver front end 
will not be saturated by the power signal. Notch filtering is only of 
limited usefulness, because several pilot frequencies may have to be used. 

TECHNICAL OBJECTIVES 

The totality of available pilot antenna designs compatible with the sub- 
array construction and layout, need to be investigated to achieve (given 
a fixed pilot ground station ERK and a fixed amount of filtering) a pi lot- 
to-power signal ratio capable of sustaining the required phase accuracy for 
beam pointing. 

TECHNICAL APPROACH 

The following antenna types will be investigated and developed: 

1. High-gain helices, constructed of lightweight hollow tubes with 
deposited filament. 

2. Yagis (linear arrays of parasitic dipoles). 

3 . Cigar antennas. 

A. Arrays of slots in the subarray ground plane. 


5 . Arrays of orthogonal, shortened dipoles with either direct or coupled 
feeds . 

The antennas will primarily be designed for minimum coupling to the 
adjacent power dipole of the SPS array for simplicity of construction 
and installation and for maximum reliability at the signal output. 
Efficiency, etc., are of secondary importance. 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN | 


MILESTONE SCHEDULE FY 

HELIXES 


YAGIS 


CIGARS ANTENNAS 


SLOT ARRAYS 


DIPOLE ARRAY 


EVALUATION 


TASK TITLE: HIGH GAIN PILOT RECEIVER ANTENNA 

DEVELOPMENT 


1981 

1982 

1983 

198^ 

1985 

1986 

1987 













SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


TASK TITLE: p,L0T TRANSMIT SYSTEM STUDY AND CONCEPT DEVELOPMENT 


TECHNOLOGY REQUIREMENT 

The ground based pilot transmitter has to provide the control signal for the 
spacecraft conjugation circuits with maximum reliability, and with a wave- 
form and/or wavefront design which is unaffected by ionospheric vagaries 
weather conditions, aging, etc. Both the general conjugation principle and 
specific circuits need to be studied (Pilot transmitter in center of rec- 
tenna or offset), and the waveform/wavefront design for ionospheric effects 
which could produce steering errors or efficiency loss. 

STATE-OF-THE-ART 

Only a small (~15 foot) reflector with a few kilowatts of power has been 
considered so far as a typical pilot transmit system located in the center 
of the rectenna. Ionospheric effects elimination is generally achieved by 
a 3"tone pilot signal, which allows measurement and compensation of iono- 
spheric delays. Only recently a large circular pilot array was proposed. 

TECHNICAL OBJECTIVES 

Investigate relative merits of waveform (3 tone pilot' versus wavefront 
'large aperture pilot array with high reliability, high ERB, and minimal 
suscep tab i 1 i ty to stationary and fluctuating ionspheric disturbances). 

Design pilot system combining the best features of both approaches, so as 
to have an absolutely fool-proof design beyond reproach. 

The following tasks shall be performed: 

1. Investiga.te various single-ring and multi-ring circular arrays for 
producing a wide power tube into the ionosphere, with little or no 
susceptab i I i ty to disturbances. 

2. Design waveforms capable of providing additional protection against 
atmospheric and ionospheric disturbances. 

3. Design anti-jam features into waveform. 

4. Design prototype pilot array using ~10,000 elements and ~120-kW 
transmitted power. 

5. Study center locations and offset locations W.R.T. minimizing conjugation 
circuit complexity. 

6. Coordinate with alternate steering techniques to integrate pilot system 
into those techniques. 

7. Coordinate with alternate sensing techniques. 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN | 


MILESTONE SCHEDULE 


FY 


RING ARRAY STUDIES 


WAVEFORM ANALYSIS 


ANT I -JAM DESIGN 


PROTOTYPE DESIGN 


LOCATION STUDY 


TASK TITLE: PILOT TRANSMIT SYSTEM STUDY AND 

CONCEPT DEVELOPMENT 
















SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 
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SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN I TASK TITLE ; ALTERNATE DIRECTION SENSING TECHNIQUES 


1981 1982 1983 1984 1985 1986 1987 


MILESTONE SCHEDULE 


DEFINE TOTAL PROGRAM 


ESTABLISH AMPLITUDE MONOPULSE CONCEPTS 


ESTABLISH PHASE MONOPULSE CONCEPTS 


ESTABLISH GROUND-BASED AMPLITUDE SENSOR CONCEPTS 


DEVELOP COMPLETE MONOPULSE SYSTEM 


DEVELOP COMPLETE AMPLITUDE SENSOR SYSTEM 


COORDINATE WITH OTHER APERTURE STUDY EFFORTS 
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SPS SUPPORTING RESEARCH £ TECHNOLOGY TASK PLAN 




MILESTONE SCHEDULE 

FY 

COMPILE CURRENT OPTIMIZATION TECHNIQUES 



OPTIMIZE QUASI -CONTINUOUS COMBINATION 


TRIGONOMETRIC FUNCTIONS WITH CONTROLLED 


ZEROS 


Ln 


OPTIMIZE HERMITIAN FUNCTIONS 


SUMMARIZE AND SELECT OPTIMUM SOLUTIONS FOR 
■nVcN SI DELOBE ENVELOPES 


COORDINATE WITH OTHER TASKS 



















SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


TECHNOLOGY TITLE: STRUCTURES, CONTROLS, AND MATERIALS 


TECHNiCAL SUMMARY 

The objective of this experimental research is to develop technology asso- 
ciated with specific aspects of the structural subsystem of an SPS (Satellite 
Power System). Optimum structural element shapes will be developed based on 
design, analysis and test data. Advanced composite material systems will be 
selected for SPS structures, applications and mechanical properties of those 
systems will be developed. (Mathematical simulations of SPS configurations, 
utilizing test determined stiffnesses, damping valves, etc., will be generated 
and subjected to simulated operational environments to determine "as designed" 
structural integrity including operational stress levels and satellite dis- 
tortions.) SPS structure construction scenarios will be generated, construc- 
tion equipment defined and conceptually designed, and a plan generated for 
the ground and on-orbit technology development of this equipment, (Attitude 
and figure control technology and ACS propulsion system research is also 
included in this effort.) 


TASK SUMMARY 

Structures and Materials 

• Construction Selections and Structural Requirements - The objective of 
this effort is to determine the most suitable construction and definitive 
structural requirements to provide visibility and bounds for machine-made 
beam and beam-to-beam joining developments. 

• Composite Materials Development - The objective of this effort is to 
develop a composite material of zero to negligible coefficient of expansion 
(0.l8 10“ m/m“C) that will maintain its structurally significant design 
properties (strength, stiffness) during 30-year exposure to stress and the 
space environment cyclic temperatures, and the vacuum and radiation envir- 
onment . 

• Machine-Made Beam Development - The objective of this effort is to develop, 
utilizing the selected composite material, two machine-made beam designs. 
The development is to proceed to the stage of ground fabrication and ground 
structural testing of a machine-fabricated design. The machine need not be 
a flight weight article. 

• Beam-To-Beam Joining - The objective of this effort is to develop the best 
structurally su i table/low-cost/inspectable and repairable structural 
attachment for the joining of the developed machine-made beams, 

• Ultra-Large Solar Blanket/Reflector Arrays - The objective of this effort 
is to develop the techniques of packaging, on-orbit controlled unfurling, 
and tensioning of solar blanket and reflector surfaces. 
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• Solid-State Sandwich Design - The objective of this effort is to develop 
a lightweight, ground-fabricated solid-state sandwich structural design 
compatible with electronic and thermal requirements. 

■ Mathematical Model Development - The objective of this effort is to extend 
current finite-element modeling techniques to permit rapid and economical, 
yet detailed, analysis of large space structures; and also to provide the 
capability of explicit definition of tension loads in cables. 

Control s 


• Ion Thruster and Power Module Laboratory Testing - The objective of this 
effort Is to design a thruster subsystem that meets the characteristics 
defined by SPS mission analysis. The design is to include a practical 
means for replacing thruster grids using manipulator arms. The thruster 
system will provide two functions — Controls and Transportation, On orbit 
controls require that the thrusting policy approximate linear torques, 
including throttling plus on-off switching of the thrusters. Transporta- 
tion requirements will be found in the Transportation Technology Area. 

• EOTV Attitude and Thrust Vector Control - The objectives of this effort 
is to develop an integrated control system concept that provides both 
attitude control and thrust vector control , define the thruster configur- 
ation satisfying plume impingement constraints, and define optimal 
steering laws for EOTV orbit transfer. 

• Figure Control Techniques and Systems - The selection of the figure 
control subsystem is the result of cooperative inputs between structures, 
materials, and control systems. The defined structural configuration will 
establish the requirements for displacement sensors, actuators, and soft- 
ware necessary for maintenance of the structural figure. The objective of 
this effort is to investigate and develop techniques and methodology for 
maintaining controls and make recommendations and provide requirements to 
the structural designer. 

• Control System Development and Hardware Requirements - No experience exists 

which deals with the problems associated with on-orbit construction of 
large structures. Consequently computer simulations and associated soft- 
ware development must be accomplished in order to establish control systems 
and their hardware requirements. Control systems must be defined for all 
phases of construction as well as on-orbit operations. The objective of 
this effort is to define preferred control system software techniques, 
which will minimize undesirable dynamic interactions. Flight testing of 
systems which cannot be acceptably defined must occur in the post GBED 
period. 1 

• ACS Electric Propulsion Development - The RCS system of the SPS will utilize 
the EOTV for stationkeeping and attitude control. The objective of this 
effort is to define both an EOTV and RCS system which are mutually compat- 
ible with each other, and to confirm their performance and lifetime 
characteristics with ground based testing. 
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SPS SUPPORTING RESEARCH fi TECHNOLOGY TASK PLAN 


TASK TITLE: CONSTRUCTION SELECTIONS AND 
STRUCTURAL REQUIREMENTS 


MILESTONE SCHEDULE 


STRUCTURAL REQU I REMENTS/CONF I GURAT I ONS 


FY — 

1981 

1982 

1983 

198^ 

1985 

1986 


CANDIDATE CONSTRUCTIONS 
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STRUCTURAL AND CONSTRUCTION 
COST ANALYSES 


CONSTRUCTION SELECTIONS 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


TASK TITLE; COMPOSITE MATERIALS DEVELOPMENT 


JUSTIFICATION 

Advanced composite structural materials of zero to negligible 
(0.18x10"^ m/m“C) coeffic lent of expansion have superior performance char- 
acteristics to those of metallic structures. Such composites can satisfy 
stringent MPTS figure control requirements without active control, but in 
addition, experience negligible construction and operation induced thermal 
loads compared to those of metal lies. The higher stiffness to density 
characteristics and the foregoing result in less structure weight. However, 
the specifics of the actual composite material design for compatibility 
with beam machine fabrication and for long-term (30-year) structural suit- 
ability require development. 

TECHNICAL OBJECTIVE 

Develop a composite material of zero to negligible coefficient of expansion 
(0.18x10”® m/m^C) that will maintain Its structurally significant design 
properties (strength, stiffness) during 30-year exposure to stress and 
the space environment cyclic temperatures, and the vacuum and radiation 
env I ronment . 

TECHNICAL APPROACH 

This task will be conducted as follows; 


(1) Determine design requirements for composite materials. 

(2) Apply composite material technology to define candidate composite 
materials that satisfy requirements. 

(3) Perform coupon development tests to verify suitability of candidate 
designs. The tests will determine strength, stiffness, coefficient 
of expansion before and after accelerated exposure to environments. 

{k) From acceptable materials, determine most suitable materials for 
fabrication and attachment capability. 

(5) Verify material selection by fabrication of cap and appropriate 
structural tests. 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN | TASK TITLE: COMPOSITE MATERIALS DEVELOPMENT 


MILESTONE SCHEDULE 


FY 

1981 

1982 

1983 

1984 

1985 

1986 


DESIGN REQUIREMENTS 


CANDIDATE COMPOSITE MATERIALS 


COUPON DEVELOPMENT TESTS 


MATERIALS SUITABLE TO BEAM FABRICATION 


STRUCTURAL TESTS SELECTION 





















SPS SUPPORTING RESEARCH & TECHNOLOGY TASK FLAN 

TASK TITLE: MACHINE-MADE SEAM DEVELOPMENT 


JUSTIFICATION 

Critical to an SPS or any large space structure is the development of the 
machine-made beam. Expecting minimum SPS structural weight to be compatible 
with minimum system cost, minimum weight requires structural optimization 
of the machine-made beam. Minimum weight will also require at least two 
different optimized machine-made beam designs. The higher loaded beams will 
certainly utilize closed-cap designs, while the lightly loaded structures 
may use either closed or open section caps. In either design the three caps 
will be arranged to form a prismatic beam of equilateral triangular cross- 
sections, joined together by an appropriate system of cross and diagonal 
members. The design optimization must also recognize the subsequent load 
and construction requirements for attachment between the beams, and appro- 
priate quality assurance inspection techniques. Finally, the quality 
assurance techniques for the basic machine-made beam fabrication must also 
be developed. 

TECHNICAL OBJECTIVE 

Develop, utilizing the selected composite material, two machine-made beam 
designs. The development is to proceed to the stage of ground fabrication 
and ground structural testing of a mach i ne- f abr i ca ted design. The machine 
need not be a flight weight article. 

TECHNICAL APPROACH 

The foregoing objectives will be accomplished as follows: 

(1) Conduct survey of SPS system definition studies to define the machine- 
made beam load requirements, effective unsupported length, and other 
significant design requirements. 

(2) Perform structural optimization/fabrication feasibility studies to 
define the most suitable beam design. 

(3) Verify structural suitability of beam designs by fabrication and 
structural testing of beam designs. 

(A) With verification, proceed to design and fabricate two ground demonstra- 
tion beam machines. Design of machines shall permit variation of 
material cap gauges. 

(5) Use ground demonstration machines to fabricate the two beams and 
perform appropriate structural tests. 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


U1 


MILESTONE SCHEDULE 


BEAM REQUIREMENTS 


STRUCTURAL OPTIMIZATION/FABRICAI ION 

FEASIBILITY 


FY 


STRUCTURAL TESTS OF DESIGN 


DESIGN/FABRICATE GROUND DEMONSTRATION 
MACHINE 


STRUCTURAL TEST OF FINAL BEAM 


TASK TITLE; MACHINE-MADE BEAM DEVELOPMENT 


1981 1982 1983 1984 1985 1986 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


TASK TITLE: BEAM-TO-BEAM JOINING 


JUSTIFICATION 


The method of joining machine-made beams is critical not only to structural 
suitability, but to the cost of construction. The methods of attachment 
can use concentric or lap joints, fixed or pinned joints, and welding or 
mechanical attachment. Critical to minimum weight, the joint design must be 
structurally suitable within the capability of the basic beam design, i.e., 
the joint loads shall not require increase of the basic beam gauges. The 
joint must also be of such a design that produces not space debris, and 
is readily Inspectable and repairable. 

TECHNICAL OBJECTIVE 


To develop the best structurally su i tab 1 e/ low-cost/ i nspectab 1 e and repair- 
able structural attachment for the joining of the developed machine-made 
beams . 

TECHNICAL APPROACH 

(1) Extract from the 
development, the 
conf igurat ion. 

(2) Develop joining, inspection, and repair techniques. 

(3) Study and select the most suitable joint. 


construction selection and structural requirements 
regimes of loads imposed and most suitable joint 


(4) Perform structural load tests, inspection tests, and demonstrate 
repa i r capability. 
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MILESTONE SCHEDULE 



JOINT REQUIREMENTS 


JOINING, INSPECTION, REPAIR TECHNIQUES 


JOINT SELECTION 


STRUCTURAL AND INSPECTION TESTS 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


MILESTONE SCHEDULE 


FY 


DEVELOP CABLE-TO-SURFACE ATTACHMENTS 


DEVELOP SURFACE-TO-SURFACE ATTACHMENTS 


DEVELOP PACKAGING TECHNIQUES 


DEVELOP TECHNIQUES FOR CONTROLLED 
ON-ORBIT UNFURLING 


TASK TITLE; ULTRA-LARGE SOLAR BLANKET/ 
REFLECTOR ARRAYS 













SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


TASK TITLE: SOLID-STATE SANDWICH DESIGN 


JUSTIFICATION 

Solid-state electronics for the MPTS is attractive in that the extensive 
power transmission conductor runs and power transfer across a rotary joint 
are eliminated. Yet, the solid-state sandwich design presents a signifi- 
cant structural design challenge. The structural design must be light- 
weight (1 to 2 kg/m^) and, in view of the design complexity, be fabricated 
on the ground, survive the launch dynamic environment, utilize dielectric 
materials, passively limit solar cell temperatures to no more than 200°C, 
and maintain flatness comparable with electronic requirements. Satisfaction 
of these requirements with a reliable, fabricable structure will require 
extensive development. 

TECHNICAL OBJECTIVE 

To develop a lightweight, ground-fabricated solid-state sandwich structural 
design compatible with electronic and thermal requirements. 

I 

TECHNICAL APPROACH 

(1) Establish thermal, electronic, and structural requirements. 

(2) Develop structural designs to satisfy requirements. 

(3) Fabricate sandwich panels. 

(4) Perform acoustic, thermal, and electronic testing to verify design. 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN | 


MILESTONE SCHEDULE 


FY 


THERMAL, ELECTRONIC, AND STRUCTURAL 
REQUIREMENTS 


DEVELOP CANDIDATE STRUCTURAL DESIGNS 


FABRICATE SANDWICH PANELS 


PERFORM ACOUSTIC. THERMAL, AND ELECTRONICS 
TESTING 


TASK TITLE; SOLID-STATE SANDWICH DESIGN 
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MILESTONE SCHEDULE 

FY 


LOW-COST SIMPLIFIED MODELING TECHNIQUES 


EXTENSION OF FINITE ELEMENT TECHNIQUES 


I 


TASK TITLE: MATHEMATICAL MODEL DEVELOPMENT 








SPS SUPPORTING RESEARCH 6c TECHNOLOGY TASK PLAN 


TASK TITLE: 


ION THRUSTER AND POWER MODULE LABORATORY TESTING 


JUSTIFICATION 


The EOTV argon ion propulsion system can only operate efficiently (competi- 
tively and advantageously) if refurbishment requirements can be minimized. 

It appears from work done at LeRC that thruster modules can be designed that 
will operate for decades without excessive deterioration, or a need for 
refurbishment, except for the accelerating grid sets. The grids are subject 
to positive ion bombardment, etc., and will require periodic refurbishment. 

A major redesign of thruster modules is therefore required. This involves 

but also possibly new materials, laboratory 
To minimize vibration excitation, a thrusting 
policy is required that approximates linear torques. The approximation of 
linear torques is produced by a quasi-l inear thrusting policy that includes 
the throttling plus on-off switching of the thrusters. The Investigation and 
development of throttling techniques should be pursued. 


not only removable grid sets 
models, and supporting tests 


TECHNICAL OBJECTIVES 

• Complete a EOTV mission analysis that reveals the set of desired thruster 
operating characteristics: i.e., special impulse, thrust, trip time, fleet 
size, payload, electric power profiles, and refurbishment cycles. 

• Conceptually design and size thrusters that satisfy the required thruster 
characteristics of the mission analysis. 

• Design and verify, with a simulated arrangement, a practical means of 
replacing thruster grids (several at one time) with the use of manipulator 
arms or some other arrangement. 

• Design and build a laboratory thruster module (one or more as required) 
which incorporates the ref urb I shab 1 e grid system selected from the 
simulated arrangement. 

• Test the thruster module to establish thrust, beam divergence, effective- 
ness of beam neutralization, and grid deterioration rates, etc. 

APPROACH 

• It Is the task of the mission analysts to determine the preferred set of 
thruster operating characteristics, i.e., accelerating voltage (specific 
impulse), beam current (thrust), trip times (LEO to GEO, GEO to LEO), 
refurbishment cycles, solar blanket BOL power, mean electrical output, 
annealing cycles and methods, payload per EOTV trip, number of HLLV 
launches per SPS in GEO, thruster lifetime, etc. It is necessary to study 
the gross scenario in order to determine minimum overall cost and to 
flatten cost peaks. A sensitivity study is also required to minimize 
program perturbations from materia! shortages or supply problems. 
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• The conceptual design and sizing will be carried out so as to overlap with 
the requirements (mission) analysis. It is anticipated that the facilities 
and expertise associated with LeRC will be employed. 

• It is required that the grids be removable from the front. For example, 
each grid might be held in place by a compressed spring much like a 
bayonet light bulb. In this case a simulated manipulator would push 

the grid in axially, twist it 90°, and then pull it out. This task there- 
fore must examine the problem of grid refurbishment, I.e., replacing the 
expended grid with a new or refurbished grid. Preferably an entire group 
of grids should be replaced as a unit. 

• It is anticipated that the construction and testing of an actual thruster 
will be done at LeRC. Verification of thrust, beam divergency, neutraliza- 
tion effectiveness, etc., are typical measurements that would be desirable. 
A pendulum arrangement for estimating thrust is available at LeRC. 


I 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


lASK TITLE: |QN THRUSTER AND POWER MODULE 

LABORATORY TESTING 


MILESTONE SCHEDULE 


MISSION FEASIBILITY STUDY 


• MISSION REQUIREMENTS 


THRUSTER DESIGN STUDY 


. COMPONENT TRADES 


. REFURBISHABLE ARRAY 


•GRID SET REMOVAL MODEL 


. MATERIAL STUDY 



1981 

1982 

1983 

198^1 

1985 




THRUSTER ARRAY DESIGN 


• FACILITIES USE 


















SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


TASK TITLE: ATTITUDE AND THRUST VECTOR CONTROL 


TECHNOLOGY REQUIREMENT 

The SPS study recommended a GEO construction using an electrical orbital 
transfer vehicle (EOTV) for cargo transportation between LEO and GEO. In 
the orbit transfer the pointing of the solar collector is required to 
minimize the power loss and an optimum or sub-optimum steering history is 
required to minimize propellant consumption. An integrated control system 
satisfying the plume impingement constraints for attitude control and thrust 
vector control (TVC) should be designed and developed to accomplish a cost 
effective orbit transfer. 

TECHNICAL OBJECTIVE 

Define integrated control system concepts that provide attitude control and 
TVC; define thruster configurations to provide the maximum flexibility for 
TVC and attitude control and satisfy plume impingement constraints; define 
optimum or sub-optimal steering law for EOTV orbit transfer; define preferred 
control systems. 

TECHNICAL APPROACH 


Develop dynamic models for control system design including time varying 
disturbance models for aerodynamic drag, gravity-gradient torques, and solar 
pressure forces and torques; perform mission analysis to include the inves- 
tigation of preferred launch geometry and the development optimum or sub- 
optimum steering laws; define control system concepts to include thruster 
configurations; sensors, control laws, etc.; develop digital computer 
simulators for performance evaluation and verification; define preferred 
control concepts for EOTV. 


5-106 


-107 


SPS SUPPORTING RESEARCH £ TECHNOLOGY TASK PLAN 



MILESTONE SCHEDULE FY 

DYNAMIC MODELS INCL. DISTURBANCE MODELS 


MISSION ANALYSIS, STEERING LAWS 


CONTROL SYSTEM DEFINITION 


PROGRAM DEVELOPMENT 


PERFORMANCE EVALUATION AND VERIFICATION 


DOCUMENTATION 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


TASK TITLE; FIGURE CONTROL TECHNIQUES AND SYSTEMS 


TECHNOLOGY REQUIREMENT 

The requirements for figure control increase rapidly as a function of con- 
centration ratio (CR) of the solar collector. SPS concepts with higher CR's 
require more stringent figure accuracy. Higher CR's for the collectors are 
desirable to minimize the cost of solar cell blankets. 

STATE OF THE ART 

Figure control techniques have been explored including practical applications 
and theoretical results. Some of the concepts are a passive technique which 
includes the installation of local dampers in the spacecraft frame, a semi- 
passive thermally activated expansion joint, and an active technique which 
processes modal rate data to drive actuators for modal damping. However, 
there remains a considerable research and development in this area. 

TECHNICAL OBJECTIVES 

Define preferred structural concepts; define preferred techniques, compare 
active and passive control; define design criteria for vibration control; 
define rationale for selecting the number and locations of structural 
actuators. Define the relative merits of new figure control actuators and 
compare with contemporary electromechanical actuators. Refine preferred 
approaches for SPS. 

TECHNICAL APPROACH 


Define active/passive techniques to minimize thermal and vibration deforma- 
tion; and define alignment techniques to minimize assembly misalignment. 
Define preferred number and locations for structural actuators, requirements 
and achievable alignment accuracies. Investigate the design and achievable 
performance with new figure control actuator concepts such as the semi- 
passive thermally controlled expansion joint. Define the preferred structure 
and figure control concepts for SPS. Define requirements for ground testing 
verification and perform ground test to confirm design. 
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SPS SUPPORTING RESEARCH 6 TECHNOLOGY TASK PLAN 


MILESTONE SCHEDULE 


STRUCTURAL CONCEPTS AND MODELS 
FIGURE CONTROL TECHNIQUES 

• PASSIVE 

• SEMI-PASSIVE 

• ACTIVE 

INVESTIGATION OF SENSOR & ACTUATOR CONCEPTS 
^ PREFERRED CONCEPTS 

GROUND TEST REQUIREMENTS 


GROUND TEST 


DOCUMENTATION 


• FIGURE CONTROL DEFINITION 


• FIGURE CONTROL REQUIREMENTS 


TASK TITLE: FIGURE CONTROL TECHNIQUES AND 

SYSTEMS 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


TASK TITLE: CONTROL SYSTEM DEVELOPMENT AND HARDWARE REQUIREMENTS 


TECHNOLOGY REQUIREMENT 

Traditionally the achievement of satisfactory control system/structural 
dynamics performance and stability has been achieved through the use of 
analytical and ground testing techniques to confirm modeling assumptions 
and uncertainties. With extremely large, lightweight and flexible SPS 
structure full scale testing is precluded. Thus, a greater burden must 
be placed upon analytical methods in the design. 

STATE OF THE ART 

In contemporary spacecraft design control system/structural dynamics inter- 
action is important but a secondary consideration. This interaction for 
large structures may be the dominant design consideration. These large 
structures will potentially be very high dimensional systems and the present 
systems which are of limited dimensionality often extend the capabilities of 
the available analytical and simulation design tools, 

TECHNICAL OBJECTIVES 

Define and evaluate control systems designs for large, lightweight SPS for 
all mission phases from assembly through operational orbit. Define struc- 
tural dynamics model for control system analyses and design; develop 
automated computer tools for control system analyses, design and verifica- 
tion, and define preferred control system software techniques to minimize 
undesirable dynamic interaction and flight test requirements to confirm the 
modeling and control concepts. 

TECHNICAL APPROACH 


Investigate the requirements for new structural dynamics modeling techniques 
and preferred approaches for control system analysis and design; new disturb- 
ance models are included which are appropriate to SPS (gravity-gradient and 
thermal bending d i sturbance ) . Develop automated control system/structural 
dynamics analysis programs appropriate for these higher order systems. 
Investigate the application of modern control theory to minimize structural 
dynamic interaction. Define the requirements for verification for ground 
test and ground test to confirm control system concepts. 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN | TASK TITLE: CONTROL SYSTEM DEVELOPMENT AND 

HARDWARE REQUIREMENTS 


MILESTONE SCHEDULE 


DYNAMIC MODELS 


DISTURBANCE MODELS 


1981 1982 1983 198^» 1985 1986 ‘ 1987 


SBI 

, Mir: 

WMBa 


Hinni 

■inili 


COMPUTER SIMULATION 


CONTROL SYSTEM DESIGN AND ANALYSIS 


GROUND TEST REQUIREMENTS 


GROUND TEST 


■■■■■■■■■ 


CONTROL SYSTEM DEE. AND DOCUMENTATION 

















SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


TASK TITLE: ELECTRIC PROPULSION DEVELOPMENT 


JUSTIFICATION 

The 1976 and 1977 SPS study effort clearly established the desirability of 

high performance { 1 sp ^13,000 — 30,000 sec), long life, low cost electric 

propulsion for use in the SPS Attitude Control and Stat ionkeep i ng Subsystem 

(ACS) and for the Electric Orbit Transfer Vehicle (EOTV). 

• Performance - The high performance electric propulsion for the EOTV was 
found to result in very substantial cost savings relative to a chemical 
OTV. For the SPS spacecraft the stationkeeping and attitude control 
functions were found to require high performance propulsion in order to 
prevent very large propellant resupply costs over the satellite lifetime. 

• Thruster Life - The currently estimated argon ion thruster lifetime of 
5000 operating hours will result in large cost penalties for thruster 
replacement and/or refurbishment for SPS S/C. Techniques to extend the 
lifetime of the thruster grids so as to minimize the overall cost (initial 
plus servicing) should be pursued. 

• Propellant Trades - Because of the desirability of high I propulsion 
systems, various propellants should be investigated to determine optimum 
thruster system. 

• Thruster Power Processing - Traditional electric thruster power processing 
electronics are quite massive and expensive. Techniques to utilize rela- 
tively raw power from the solar arrays and simpler control electronics to 
satisfy the thrusting requirements of the SPS spacecraft application 
require further investigation in order to define reliable, low cost power 
processing techniques equipment. 

• Cryogenic Propellant Storage - The storage of the argon propellant as a 
cryogen (rather than as a g a s ) will appreciably reduce tank mass and 
transportation costs for propellant delivery. The cryogenic propellant 
storage systems require further design analysis to define preferred design 
concepts . 

TECHNICAL OBJECTIVES 


Define thruster design parameters, servicing requirements, power processing 
techniques and propellant storage design techniques to minimize the overall 
electric propulsion subsystem costs (hardware plus propellant resupply 
costs) for the EOTV and the SPS satellite RCS. 

Confirm the performance and lifetime characteristics of the electric 
thrusters with ground based testing. 
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Develop a flight demonstration thruster for flight verification of 
performance and lifetimes. 


APPROACH 

• Perform mission requirements analyses and cost optimization studies to 
define the most cost effective thruster subsystem design parameters. 

• Perform preliminary and detailed thruster designs for ground and flight 
verification tests. 

• Perform ground and flight tests to confirm the thruster performance and 
lifetime characteristics. 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN | 


MILESTONE SCHEDULE FY 

MISSION REQUIREMENTS ANALYSIS 


COST OPTIMIZATION ANALYSIS 


PRELIMINARY DESIGN ANALYSIS 


DETAILED DESIGN ANALYSIS 


LAB TEST COMPONENT COMPLETE 


LAB TESTING COMPLETE 


FLIGHT TEST UNIT AND TEST COMPLETE 



















SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


TECHNOLOGY TITLE: SPACE OPERATIONS 


TECHNICAL SUMMARY 

The objective of this category is to acknowledge elements comprising 
Space Operations and to describe tasks associated with their completion 
during the period of I 98 I-I 986 . Developing the capability for construction 
and assembly of large low-density structures in space is an inherent 
requirement for the SPS program. The capability for installation of other 
subsystems (e.g., solar blankets, reflectors, power distribution lines and 
control equipment, microwave subarray hardware, etc.) on the structure must 
also be developed. Very little applicable data currently exist for this 
type of orbital and large-scale terrestrial construction and assembly. 

Test data are needed to validate operational requirements and cost estimates. 
Reference Figure 5.0-1. 

TASK SUMMARY 

Automated Construction 


The overall objective of projects in this category is to demonstrate 
feasibility of high productivity space construction through test, analysis, 
and evaluation of critical construction equipment concepts and techniques. 
It also includes ground demonstrations of SPS structure automated fabrica- 
tion and assembly techniques. 

Operations and Support 

This task is intended to test and evaluate concepts for performance of 
critical space construction operations and functions including evaluation 
of construction support equipment concepts. 

Hardware Handling and Installation 

The objective is to test and evaluate concepts needed in constructing SPS 
systems such as solar cell blankets, concentrators, conductors, antenna 
gimbal joints, equipment modules, antenna subarrays, and fluid systems. 
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Figure 5.0-1. Space Operations Technology Tree 
































SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


TASK TITLE: AUTOMATED CONSTRUCTION 


JUSTIFICATION 

Because of its massive size, the success of a Satellite Power System (SPS) 
is dependent on the ability to accomplish a major portion of the construc- 
tion activity on orbit. On-orbit construction will necessarily require the 
early definition of construction equipment so that its early technology 
verification development activity can be defined and accomplished in a time 
frame compatible with other phases of the program. The beam builder is an 
example of on-orbit automated construction equipment. Almost every SPS 
study conducted by NASA and the aerospace industry has identified this piece 
of equipment as being necessary and requiring early development. The iden- 
tification of other construction equipment, which may be even more complex 
than the beam builder, must be accomplished in the near-term future. To do 
this, an SPS configuration must be selected and subjected to a detailed con- 
struction scenario that will identify this equipment. 

TECHNICAL OBJECTIVES 

The overall objective of projects in this category Is to demonstrate feasi- 
bility of high-productivity in-space construction through test, analysis, 
and evaluation of critical construction equipment concepts and techniques. 

It also includes ground demonstrations of SPS automated fabrication and 
structural assembly techniques. 

TECHNICAL APPROACH 


The relatively high cost of flight testing requires accomplishing as much 
development as possible on the ground. Engineering evaluation of much of 
the critical beam builder design can be accomplished with ground tests using 
a one-g beam builder configuration, special handling fixtures, an air bear- 
ing floor, and a water immersion facility. The beam builder development 
article is required to fabricate a long, continuous structural truss, allow- 
ing the evaluation of preprocessed materials packaging and dispensing; cap 
forming with heating, shaping, and cooling; synchronization and control of 
the truss elements; component handling and joining; and nondest ruct i ve 
quality control verification. Development of engineering and operational 
techniques for assembling more than one truss together to make a larger 
structural configuration can also be accomplished and simulated. Joint 
design and joining operations can be evaluated together with handling and 
assembly support equipment. These development tests will result in the 
engineering verification of a beam builder and associated assembly opera- 
tions with sufficient confidence level to proceed to a flight verification 
exper iment . 
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MILESTONE SCHEDULE 


• Documentation supporting operations analysis, requirements definition 

--I98A 

• Beam builder ground tests and capability assessment — 1985 

• SPS ground test simulations of beam machine capability and supporting 
operations — joining, al ignment — I 986 

• Preparations for flight test and space demonstration — 1987 

RESOURCE REQUIREMENTS 
TBD 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


TASK TITLE: 


OPERATIONS AND SUPPORT 


JUSTIFICATION 


Operational logistics, construction support, and transfer of materials 
at the construction site are SPS requirements without precedent. Con- 
fidence in the ability to support automated fabrication and assembly is 
needed to define and validate the movement of systems, equipment, and 
fuelds in space; docking with large structures being assembled; and 
manual or sem i -automated construction techniques. 


TECHNICAL OBJECTIVES 


Analyze, test, and evaluate concepts for performance of critical space con- 
struction operations and logistics support functions including the evaluation 
of construction support equipment and alignment techniques. 


TECHNICAL APPROACH 


Determine concepts, develop computer analyses and simulations for opera- 
tional activities such as equipment transfer, berthing dynamics, and semi 
automated construction techniques. Design and fabricate ground test 
construction support equipment. Conduct simulations of space operations 
and functions such as transport, handling, and processing in vacuum and 
zero-g simulation facilities. 


MILESTONE SCHEDULE 


Operational concepts and support functions defined — 1984 
Inital handling techniques for evaluation — I985 
Simulation and analysis of ground test activities — I986 


RESOURCE REQUIREMENTS 
TBD 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


TASK TITLE: HARDWARE HANDLING AND INSTALLATION 


TECHNOLOGY REQUIREMENT 

The SPS will require the deployment and installation of large area systems 
and modules such as solar blankets, concentrators (reflectors), and sub- 
arrays. Packaging and handling requirements also need definition. The 
technology requirement is for the analyses, concept definition, and ground 
test verification of identified methods. 

TECHNICAL OBJECTIVES 

To test and evaluate concepts needed in const ruct I ng/ i nsta 1 1 I ng SPS systems 
such as solar cell blankets, concentrators, conductors, antenna gimbal 
joints, equipment modules, and antenna subarrays. 

TECHNICAL APPROACH 

The ground-based approach will be to Identify and develop assembly tech- 
niques for other than structural components. Techniques for attaching 
hardware such as solar blankets, reflectors, power distribution lines, 
thrusters, and microwave components will be pursued. The development of 
electrical connectors suitable for orbital assembly operations is another 
area requiring identification. Packaging and deployment concepts for large 
area systems need evaluation plus sub-scale testing and simulation. 

MILESTONE SCHEDULE 

• Initial concept definitions — 1984 

• Sub-scale tests and simulations — 1986 


RESOURCE REQUIREMENTS 
TBD 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


TECHNOLOGY TITLE: 


SPACE TRANSPORTATION 


TECHNICAL SUMMARY 

The objective of this effort is to conduct critical early analyses and 
exploratory technology relating to the various transportation system 
elements, key technical issues resolution and fundamental technical 
feasibility. The tasks in this plan address critical syst^s and sub- 
systems issues relative to earth to low-earth orbit and orbi t-to-orbi t 
transfer vehicles for both cargo and personnel. The transportation 
elements considered In this plan include: a Space Transportation System 

(STS) derived heavy lift launch vehicle (HLLV); dedicated SPS HLLV config- 
urations; an electric orbital transfer vehicle (EOTV) for cargo transfer; 
and a personnel orbital transfer vehicle (POTV) for personnel/priority 
cargo transfer from LEO-TO-GEO and return. Systems and subsystems studies, 
computer analyses and modeling, experimental laboratory development, and 
engineering model evaluation are to be performed. 

TASK SUMMARY 

HEAVY LIFT LAUNCH VEHICLE DEFINITION 

The potentially viable HLLV configuration options for SPS are numerous 
(i.e., one- or two-stage, ballistic or winged, etc.). Consequently, the 
technology plan has been structured such that primary emphasis is directed 
toward common technology needs of all potentially viable options, while 
maintaining a recognition of those unique technology advancement require- 
ments which might yield the maximum gains for an SPS program. 

Structure 1 /Therma 1 Protection Systems 

The materials required for the exterior of the vehicle must repeatably 
withstand an extreme thermal and stress environment. The materials avail- 
able today which are capable of meeting some of these requirements cannot 
meet all of the desired criteria: coatings are subject to foreign object 
damage; embrittlement occurs after repeated exposure to environments 
resulting in reduced physical strength; the materials are heavy, costly, 
and/or In short supply. The development of thermostructura 1 systems 
capable of taking full advantage of the potentially available advanced 
materials must be pursued. A wide variety of candidates is already 
available, but the relative merits of each must be determined. 

Propellant Tank Insulation Systems 

In order to meet the postulated operational requirements of the SPS trans- 
portation system, the cryogenic tanks of both the booster and the orbi ter 
must be designed such that they require little or no inspection outside 



normal maintenance cycles. Similar requirements are placed on the tank 
insulation also. The tanks of the present point design are identified as 
being non-integral structurally with the tank insulation system, permitting 
relatively easy inspection when required, but not allowing the buildup of 
icing on the external surfaces nor any cryopumping. A number of candidate 
Insulation systems has been identified in past studies and, as in the case 
of the TPS, each has its own merits but none can completely satisfy SPS 
cryogenic tank insulation requirements. Materials and systems design tech- 
nology must be pursued before any firm decision can be made on systems 
selection. 

Liquid Rocket Engine Component Life Improvement 

In order to minimize vehicle turnaround requirements and cost, all vehicle 
systems will require minimum inspection, maintenance, and replacement. 

This Is especially true of the liquid rocket engines which are second only 
to the thermal protection system in turnaround operations requirements. 
Improvements in materials and design technology improvement in the critical 
areas of turbine pumps and seals, regulator valves, and precombustion 
chamber components are required to satisfy nominal turnaround operations 
and cost. 

LOX/LH 2 Attitude Control Systems 

Current liquid-fueled ACS technology is restricted almost exclusively to 
storable propellant types (i.e., hydrazine systems). In order to minimize 
the types of fuels required to satisfy SPS propulsion requirements and, 
consequently, operational complexity, cryogenic ACS systems are postulated. 
Minimal data are available relative to performance and life of cryogenic 
engines operating in the pulse mode. Breadboard engine testing is required 
to establish these data. 


Se 1 f-Moni tor I ng/D I agnostic Systems 

A great dependence must be placed upon on-board monitoring and fault 
detection/isolation systems in order to preclude the requirement for 
ground interfacing and checkout requirements. All previous ground and 
flight performance data will be computer analyzed to determine performance 
trend data indicative of potential impending failures. The major element 
of ground operations is related to launch vehicle turnaround requirements. 
The high launch frequency demands an airline operations concept which, in 
turn, dictates vehicle design requirements which will result in the near- 
elimination of post-flight refurbishment and checkout other than that 
required for payload installation, mating^ and fueling. Methods of 
Implementation and types of diagnostic monitoring equipment must be eval- 
uated and defined. 
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ine Concepts 



The avanability of so-called exotic or highly innovative new propulsion 
concepts could offer significant improvements in performance, operations, 
and cost for an SPS program. 


A horizontal takeoff heavy . lift launch vehicle (HTO-HLLV) could utilize 
hydrogen fueled multicycle air-breathing engine systems (MC-ABES) during 
flight through the sensible atmosphere. The MC-ABES are required to effi- 
ciently operate over a Mach range from 0 to 7 and an altitude of 0 to 
120,000 ft. The primary areas requiring analyses and technological advance- 
ment Include engine cycle performance and lightweight fuel-cooled engine 
and inlet structures/components. The objective is to synthesize a MC-ABES 
with an installed minimum thrust/weight of 10 and an average net fuel 
specific impulse of approximately 4000 sec. The ABES cycles requiring 
evaluation include turbojet, air-turbo exchanger (air-turbo rocket) and 
ramj et . 

A vertical takeoff s I ng 1 e-s tage- to-orb 1 t HLLV could utilize a multimode 
(dual fueled) liquid rocket engine of the AGC expander type. Further 
technology developments are required before such an engine could be con- 
sidered for the SPS program. Breadboard engine testing is required 
to provide performance and performance scaling data. 

ELECTRIC ORBITAL TRANSFER VEHICLE DEFINITION 

Independent of SPS assembly location, there is a significant demand for 
OTV transportation from LEO to GEO due to the magnitude of the SPS program. 
For the LEO-assemb 1 ed SPS, hardware flights dominate the early years but 
in later years, logistics flights become a significant factor. Since 
propellant to support these OTV flights represents a significant portion 
of the total HLLV payloads, alternate advanced OTV concepts having high 
specific impulse appeared to be worthwhile candidates to satisfy cargo mass 
transfer requirements. An argon ion bombardment thruster system appears 
to be the best candidate to satisfy SPS requirements. 

The unique technology requirement is in the primary area of ion engine 
development. The key requirement is in large size (1.0x1. 5 m) , high- 
current density (1000 A/m^) thruster demonstration. Further analyses and 
demonstration testing of the "direct drive" concept, to minimize power 
processor weight and cost, are also required. Conventional power condi- I 
tioners for Ion bombardment thrusters regulate all supplies, serving as an j 
interface between the power source (solar array) and the thrusters. Various 
so-called direct-drive concepts have been proposed in which some of the 
thruster supplies are obtained directly from the solar array. This approach 
reduces power conditioner mass, power loss, and cost, and improves propul- 
sion system reliability. I 
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PERSONNEL ORBITAL TRANSFER VEHICLE 

The personnel orbital transfer vehicle (POTV) consists of that propulsive 
element required to transfer a personnel module (PM) and its crew/construc- 
tion personnel from LEO to GEO. The POTV is a chemical (LOX/LH2) rocket 
stage which is initially fueled in LEO and refueled in GEO for return to 
LEO. 

The POTV shares common technology requirements with the HLLV (t.e., 
propellant tank insulation, engine component life, sel f-moni toring/diagnos- 
tic equipment, etc.), and can benefit from those technology programs 
implmented for the HLLV. A unique technology requirement of the POTV Is in 
the area of orbital maintenance. Continuation of on-going orbital propel- 
lant transfer technology programs can satisfy this requirement. 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 

TASK TITLE: STRUCTURAL/THERMAL PROTECTION SYSTEMS 


TECHNOLOGY REQUIREMENT 


The materials which have been identified to date as being capable of with- 
standing the high temperatures of entry are generally very fragile, expensive, 
heavy, or rare, in any combination. Those materials which will have applica- 
tion to future lifting entry ^vehicle will have to overcome these shortcomings 
to be acceptable for the routine operations contemplated for the SPS HLLV 
transportation system. 

STATE OF THE ART 

The thermal structural system to be ultimately selected must satisfy require- 
ments which are basically the same as the thermal structural systems in use 
today. The significant change, of course, is in the operating environment. 
This environment is much more stringent than is experienced today in any 
ai rcraf t- 1 i ke systems other than the Space Shuttle orbiter. It will even- 
tually require the establishment of new or highly modified specifications 
to augment those in use today. 

TECHNICAL OBJECTIVES 

To identify and test a range of structural and TPS materials concepts that 
will meet the rigorous weight and reuse/refurbishment requirements necessary 
for the economical operation of a heavy lift launch vehicle. This will 
faciltate an orderly selection of a structural/TPS approach for the HLLV. 

APPROACH 

The development of thermostructural systems capable of taking full advantage 
of the potentially available advanced materials must be intensively pursued. 

A wide variety of candidates is already available, but the relative merits 
of each needs to be determined. The following subtasks will be performed. 

• Identify RSI, honeycomb, and composite materials that might 
be applicable for a heavy lift launch vehicle. Identify the 
critical properties requiring test. 

• Test the materials and document the properties. 

• Fabricate structural elements having the expected shapes, 
thicknesses, etc., that would be present in the HLLV and test. 

• Conduct experiments associated with novel approaches to bonding 
honeycomb materials. 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


J 


MILESTONE SCHEDULE 


FY 


IDENTIFY RSI MATERIALS/CONCEPTS 


TEST & DOCUMENT MATERIALS PROPERTIES 


FABRICATE & TEST TYPICAL STRUCTURAL ELEMENTS 


ADVANCED BONDING APPROACHES 
















SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


TASK TITLE: PROPELLANT TANK INSULATION SYSTEMS 


TECHNOLOGY REQUIREMENT 

In order to meet the postulated operational requirements of the SPS trans- 
portation system, the cryogenic tanks of both the booster and the orbiter 
must be designed such that they require little or no inspection outside 
normal maintenance cycles. Similar requirements are placed on the tank 
i nsu 1 at i on also. 


STATE OF THE ART 

A number of conceptual insulation systems have been identified in past 
studies. Each has its own relative merits and none are completely satis- 
factory in all respects. An extensive conceptual development program is 
necessary before any firm design decisions can be made. 

TECHNOLOGY OBJECTIVES 

To identify a cryogenic tank insulation system capable of meeting the 
rigorous reuse/ref urb i shment requirements necessary for the economical opei — 
ation of SPS transportation elements. 

APPROACH 

All aspects of cryogenic tank design must be evaluated and resolved. This 
includes the analysis of integral and non-integral tanks, insulation tech- 
niques, and operational utility. The following Insulation systems will be 
evaluated for applicability: 

Evacuated System (Vacuum) 

• Compressed super i nsu 1 a t i on 
Purged Systems 

• Quartz fiber purged with helium 

• Marshield purged with helium 

• Aluminum shields with dimpled fiberglass spacers 

• Polyurethane foam 

Sealed Systems 

• Polyurethane foam (Freon or CO 2 blown) 

• Mylar honeycomb sandwich filled with polyrethane foam 

• Phenolic fiberglass honeycomb sandwich 

• Corkboard 

• Polyimide foam 

Sealed and Purged Systems — The sealed systems are used with a quartz-fiber 
blanket purged with helium or nitrogen. 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 




MILESTONE SCHEDULE 
INSULATION SYSTEMS ANALYSES 


MATERIALS TESTING 


INSULATION SYSTEMS DESIGN CONCEPTS 


INSULATION SYSTEMS TESTING 













SPS SUPPORTING RESEARCH &c TECHNOLOGY TASK PLAN 


TASK TITLE: SPS TRANSPORTATION SYSTEM— L I QU I D ROCKET ENGINE AND 

FUELS 


TECHNOLOGY REQUIREMENT 

The use of LOX/hydrocarbon Ijquid rocket engines for first-stage HLLV opera- 
tion has been shown to be most cost effective. Insufficient data are avail- 
able to establish engine specific fuel and cooling requirements. 

STATE OF THE ART 

LOX/HC engines have employed the gas generator cycle for fuel flow into the 
engine with low combustion chamber pressures. More efficient LOX/LH 2 
engines, such as the SSME, utilize staged combustion techniques and high 
combustion chamber pressures. 

TECHNICAL OBJECTIVES 

Conduct the required propulsion technology necessary to develop the required 
data base to allow for the Initiation of an engine development program for 
a LOX/hydrocarbon (RPl and/or methane) engine that utilizes high chamber 
pressures. Cooling, combustion, and life considerations are some of the area: 
that must be examined. 

APPROACH 

1. Conduct LOX/HC engine studies to compare gas generator to stage combus- 
tion power cycles for the various hydrocarbon fuels (RP, methane, pro- 
pane). This analysis will compare the performance and cooling and 
identify the required general technology (turbomachinery bearings, seals, 
and control s) . 

2. Conduct component/experimental engine verification for the candidate 
engine types. 

3. Define proposed experimental engine programs. 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


MILESTONE SCHEDULE 
LOX/HC ENGINE ANALYSES 


COMPONET/EXPERIMENTAL ENGINE TESTING 


FY 


ENGINE DEVELOPMENT PROGRAM DEFINITION 


TASK TITLE; LIQUID ROCKET ENGINE AND FUELS 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


TASK TITLE: SELF-MON ITORI NG/D I AGNOSTl C SYSTEMS 


TECHNOLOGY REQUIREMENT 

The major element of ground operations is related to launch vehicle turn- 
around requirements. The high launch frequency demands an airline 
operations concept which, in turn, dictates vehicle design requirements 
which will result in the near-elimination of post-flight refurbishment 
and checkout other than that .requ i red for payload installation, mating, 
and fuel i ng . 

STATE OF THE ART 

Current airline operations utilize this approach. 

T^^H NO LQGY OBJECTIVES 

Identify on-board monitoring and fault detect ion/ i sol at i on systems In order 
to preclude the requirement for ground Interfacing and checkout require- 
ments. Identify ground and flight performance data requiring computer 
analyses to determine performance trend data indicative of potential 
impending failures. 

APPROACH 

Evaluate each flight subsystem to determine potential failures and 
effects . 

Identify critical fault detect ion/ i sol at i on and monitoring requirements 
for each subsystem. 

Synthesize self-monitoring/diagnostic systems to satisfy SPS transporta- 
tion element requirements. 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 



MILESTONE SCHEDULE | FY 

PERFORM SUBSYSTEM FMEA 



TASK TITLE: 


SELF-MONITOR/DIAGNOSTIC SYSTEMS 



1982 


1983 


1984 

1985 

1986 

a 

1 

1 

1 

1 

1 

1 

1 

1 

II 

II 


1987 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN | 


MILESTONE SCHEDULE FY 

DEVELOP/ADAPT COMPUTER PROGRAMS 


SYNTHESIZE ENGINE CYCLE REQUIREMENTS 


PRELIMINARY ENGINE PERFORMANCE DATA 


COMPONENT DEVELOPMENT AND TESTING 


BREADBOARD ENGINE TESTING 


PRELIMINARY ENGINE SPECIFICATION 

















5-137 



'-138 


SPS SUPPORTING RESEARCH £ TECHNOLOGY TASK PLAN | 


MILESTONE SCHEDULE 


FY 


SCREEN CANDIDATE CONCEPTS 


MATERIALS/COMPONENT TESTING 


SUBSCALE DROP TESTING 


IDENTIFY REFURBISHMENT REQUIREMENTS 


IDENTIFY SYSTEM DESIGN REQUIREMENTS 














SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


TASK TITLE: ON-ORBIT PROPELLANT TRANSFER 


TECHNOLOGY REQUIREHENT 

Transfer of cryogenic propellants from a transport vehicle either to an 
orb i t- to-orb i t heavy cargo vehicle, a space base or a chemical orbital 
transfer vehicle will be an SPS requirement, 

STATE OF THE ART 

Analytical studies of the general problems only have been conducted to date. 
Zero-g transfer of propellants has been accomplished with bladder systems 
only. 

T ECHNOLOGY OBJECTIVES 

The capability to transfer propellants while in a zero-g environment must 
be demonstrated so that the proper decision-making can take place with 
regard to propellant types, transfer losses and design impacts to the OTV ' s 
and transfer vehicles. 

APPROACH 


1. Analyze propellant transfer requirements and define technology 
and components required to implement propellant transfer. 

2. Design and fabricate components — Develop test procedures. 

3. Test the components. 
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SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


iJ 


MILESTONE SCHEDULE 


FY 


ANALYZE 6 DEFINE TRANSFER REQUIREMENTS 


DESIGN 6 DEVELOP TEST PROGRAM 


COMPONET/LABORATORY TESTING 


ORBITAL TRANSFER TESTING (SORTIE) 













SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 

TASK TITLE: ELECTRIC THRUSTERS AND POWER PROCESSING 


TECHNOLOGY REQUIREMENT 

The EOTV argon ion propulsion system can only operate efficiently (compet- 
itively and advantageously) if refurbishment requirements can be minimized. 

It appears from work done at LeRC that thruster modules can be designed that 
will operate for decades without excessive deterioration, or a need for 
refurbishment, except for the accelerating grid sets. The grids are subject 
to positive ion bombardment, etc., and will require periodic refurbishment. 

A potential redesign of thruster modules may be required. This involves not 
only removable grid sets, but also possibly new materials, laboratory models, 
and supporting tests. 

STATE OF THE ART 

Electric argon ion thrusters up to 30 cm in diameter having current densities 
in the order of 100 A/cm^ have been successfully tested over long periods of 
operat I on . 

TECHNICAL OBJECTIVES 

Complete an EOTV mission analysis that reveals the set of desired thruster 
operating characteristics; i.e., specific impulse, thrust, trip time, fleet 
size, payload, electrical power profiles, and refurbishment cycles. 

Conceptually design and size thrusters that satisfy the required thruster 
characteristics of the mission analysis. 

Design and verify, with a simulated arrangement, a practical means of 
replacing thruster grids (several at one time) with the use of manipulator 
arms or some other arrangement. 

Design and build a laboratory thruster module (one or more as required) 
which Incorporates the refurb i shable grid system selected from the simulated 
arrangement . 

Test the thruster module to establish thrust, beam divergence, effectiveness 
of beam neutralization, and grid deterioration rates, etc. 

APPROACH 

1. Determine the preferred set of thruster operating character! st i cs, i.e., 
accelerating voltage (specific impulse), beam current (thrust), trip 
times (LEO to GEO, GEO to LEO), refurbishment cycles, solar blanket BOL 
power, mean electrical output, annealing cycles and methods, payload per 
EOTV trip, number of HLLV launches per SPS in GEO, thruster lifetime, 
etc. 
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2. Design and develop, possibly subscale, electric propulsion components 

and subsystem concepts for technological demonstrations in the following 

areas : 

• Large-diameter, high-input power ion thrusters using noble 
gases, l.e., argon 

• Operating voltage requirements (LEO/GEO plasma interaction 
constra i nts) 

• Power supply and distribution — advanced power processing concepts 
(e.g. , di rect drive) 

• Thermal control concepts 

• Instrumentation and control 

• Approaches to minimize specific mass 

3- Demonstrate lifetime and/or reusability by: 

• Experimentally developing long-life components (grids, cathodes, 
etc. ) 

• Simulating flight environmental conditions (on/off cycles due to 
shadow) 

• Subjecting test specimens to the plume environment such that 
erosion effects might be determined or avoided. 




SPS SUPPORTING RESEARCH & TECHNOLOGY TASK PLAN 


MILESTONE SCHEDULE 


MISSION REQUIREMENTS ANALYSES 


PRELIMINARY DESIGN ANALYSES 


LABORATORY/COMPONENT TESTING 


EXPERIMENTAL FLIGHT UNIT DESIGN & FAB. 


ORBITAL TESTING (SORTIE) 
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